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              The function of the PsbO and the PsbR protein in Arabidopsis thaliana were studied. 
The Arabidopsis mutant psbo1 contains a point mutation in the psbO-1 gene leading to defective 
expression of the PsbO-1 protein. Functional studies demonstrated both the reducing-side and 
oxidizing-side of Photosystem II are significantly altered. Using the psbo1 mutant plant as a 
transgenic host, two plant lines were produced, which contained an N-terminally His6-tagged 
PsbO-1 protein. Photosystem II closure kinetics demonstrated that the defective double reduction 
of QB and the delayed exchange of QBH2 with the plastoquinone pool
 
in the psbo1 mutant were 
effectively restored to the wild type levels by the His6-tagged PsbO-1 protein. Flash fluorescence 
induction analysis indicated that a higher level of the modified PsbO-1 protein was required to 
increase the ratio of PS IIα to PS IIβ reaction centers to wild type levels. Fluorescence decay 
kinetics in the absence of DCMU indicated that the His6-tagged PsbO-1 protein restored 
deficient reducing-side electron transfer, while in the presence of DCMU, charge recombination 
between QA
-
 and the S2 state of OEC occurred at near wild type rates. Our results indicated that 
high expression of the His6-tagged PsbO-1 protein efficiently complemented all of the 
photochemical defects observed in the psbo1 mutant.  Additionally, this study established a new 
method to isolate PS II core complex in higher plants which can be used for biochemical and 
biophysical analysis.  
              The psbR mutant was screened and characterized. The D2 protein of the Photosystem II 
complex is reduced in this mutant. Immunological analysis indicated that less than 50% of the 
PsbP protein is bound to the PS II when compared to wild type. A similar pattern is observed for 
the PsbQ protein.  Impaired electron transport on the reducing side of the photosystem may result 
from the reduced level of the D2, PsbP and PsbQ components. The transgenic studies 
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demonstrated that most of the defective phenotype of the can be complemented with a C-
terminally His6-tagged PsbR protein in the PsbRICH transgenic plant. This is the first report that 






























              Photosynthesis is a process by which light energy is sequestered into chemical bond 
energy and is performed by plants, algae and cyanobacteria. Carbohydrate produced from the 
reduction of CO2 and oxidation of H2O serves as an energy source for the producing organisms 
as well as for heterotrophic organisms that consume photosynthetic organisms either directly or 
indirectly. Millions of years ago the products of photosynthesis formed fossil fuels such as coal, 
oil, and gas upon which modern society is dependent. Scientific research into photosynthesis is 
vitally important. If we can elucidate and control the intricacies of the photosynthetic process, we 
can learn how to increase energy yields during photoautotrophy to produce more food, fiber, 
wood, and fuel, and how to better use our lands. The energy-harvesting secrets of plants can be 
adapted to man-made systems and may provide new, efficient ways to collect and use solar 
energy. The overall chemistry equation for photosynthesis is a deceptively simple summary of a 
very complex process:         
                                          
             Photosynthesis occurs in two distinct phases termed the light reactions and the dark 
reactions (although both can take place simultaneously in the light). The light reactions use light 
energy to generate NADPH and ATP which is used to drive the synthesis of carbohydrate from 
CO2 and H2O that occurs during the dark reactions.  
              The site of photosynthesis in eukaryotes such as algae and higher plants is the 
chloroplast, a member of the membrane-bound subcellular organelles peculiar to plants known as 
plastids. Chloroplasts have an outer membrane and an inner membrane that encloses the stroma, 
an aqueous compartment containing a concentrated solution of enzymes including those of the 
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Calvin-Benson cycle which operates in the dark reactions. Within the stroma there is a third 
membrane compartment, called the thylakoids, which is a highly folded vesicle. NADPH and 
ATP are produced from the electron transport chain present in the thylakoid membrane. The 
electron transport chain consists of three large protein complexes: Photosystem II (PS II), the 
cytochrome b6/f complex, and Photosystem I (PSI), which are connected linearly by the diffusion 
of the electron carriers plastoquinone (PQ) and plastocyanin (PC). A proton gradient across the 
thylakoid membrane resulting from light driven electron transport powers the synthesis of ATP 
by the proton-translocating ATP synthase (Figure 1.1).   
 
Figure 1.1 Electron Transport and Protein Complex of Photosynthesis. 
(http://en.wikipedia.org/wiki/Light-dependent_reaction) 
              PS II is a thylakoid membrane-embedded multi-protein pigment complex catalyzing 
electron transfer from H2O to plastoquinone. Molecular oxygen, O2, produced as a byproduct 
from this machinery is essential for the evolution of ancient life into contemporary life on the 
earth. Upon the absorption of photons by antenna pigments which are embedded in light-
harvesting complexes, excitation energy migration takes place via singlet-singlet energy transfer 
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to a special chlorophyll pair, P680, where the exciton is trapped and  primary charge separation 




.  This radical pair is not stable and 
can be dissipated by fast recombination, however, in nature we see a rapid reoxidation of Pheo
-
 
by another electron acceptor (QA) located at the stromal side of the thylakoid membrane which 
competes efficiently with the charge recombination reaction. This special non-covalently bound 
PQ molecule (QA) enables sufficient transient stabilization of the primary charge separation 
(Renger 1992). QA
- 
can be reoxidized by another PQ in the QB site and the electrons of QB
2-
can 
further feed into the Cyt b6/f complex. The oxidized P680
+
 is such a strong oxidant that it can 
extract electrons from water on the luminal side of the thylakoid membrane via TyrZ (Yz) on the 
D1 protein and a cluster of four manganese ions (Mn4Ca) situated on the lumenal side of the 
membrane. To produce one molecule of O2, two water molecules must be fully oxidized with 
four electrons being removed. The manganese cluster stores four positive charge equivalents that 
are sequentially advanced by four charge separation events in the P680 reaction center. The 
oxygen-evolving complex (OEC) of Photosystem II (PS II) is the catalytic site for the oxidation 





 functioning as essential cofactors. 
              The mechanism of O2 evolution has been investigated by measuring the amount of O2 
evolved during a series of short flashes of light. Using dark-adapted chloroplasts, it was found 
that little O2 appears after the first two flashes, but maximal amounts of O2 appear after the third 
flash and thereafter every subsequent fourth flash.  Upon an extended series of flashes, the O2 
yield oscillation is dampened and finally reaches a steady-state level after a large number of 
flashes (Joliot et al. 1969, 1971; Kok et al. 1970; Forbush et al. 1971).  This dampening is caused 
by imperfections in the reaction center known as double hits, misses and deactivations.  The S-
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state model, also known as Kok model, was proposed to interpret this observed pattern of oxygen 
evolution. In this model, the authors introduced five discrete states—S0, S1, S2, S3, and S4.  Each 
S-state stores a different number of oxidizing equivalents (Kok et al. 1970).  
 
Figure 1.2 The OEC S-state Cycle Introduced by Kok et al (1970). Besel Kok and Pierre 
Joliot independently discovered this pattern of O2 evolution. Kok hypothesized that the oxygen-
evolving complex could exist in 5 ―S states‖, S0 - S4. 
              According to this model, the oxygen-evolving machinery of PS II progresses through 
these five successive states of increasing oxidation, S0 through S4, with S4 being a strong oxidant 
capable of oxidizing water. Each charge separation event in the P680 reaction center resulting 
from one flash yields P680
+
, which ultimately oxidizes the charge accumulator, via TyrZ, and 
advances it to the next S-state and increasing its oxidation state by +1.  In this experiment, the 
first flash advances the oxidation state of dark-stable, highly populated S1 state to S2.The second 
flash oxidized the S2 state to S3, and the third flash yields the strong oxidant, S4, triggering the 
evolution of oxygen and returning the charge accumulator to S0 state. The only state from which 
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O2 is evolved is S4. The predominance of the charge accumulator S1 state results in a maximal 
yield of O2 on the third flash. Each succeeding cycle requires four flashes because four protons 
are required per O2 production. It should be noted that this molecular machinery does not operate 
with perfect efficiency. A flash may fail to oxidize P680, resulting in ―misses‖. The flash may 
oxidize P680 twice and advance the S-state two steps, these are known as ―double hits‖. Some 
states may decay rapidly to a lower state during the short interval between two flashes. This 
process is called ―deactivation‖. All of these events cause the oxygen evolution to stabilize over 
a series of many flashes, a damping of oscillations in the O2 yield. However, the first 16 or so 
flashes can produce enough information to be used for fitting experimental data via standard 
nonlinear regression analysis. S-state analysis can provide very useful information on the 
intactness of OEC. In the absence of light or during long intervals between flashes, the higher S-
states decay to stable S1.  
              The basic mechanism of photosynthetic water oxidation has been known for nearly 40 
years, (Joliet et al. 1969). However, until recently the S4 state has proven refractory, and this has 
limited efforts to understand the details of water oxidation chemistry. In particular, it was unclear 
whether "S4" existed as a discrete chemical intermediate or whether it might simply represent a 
transition state containing S3 with an oxidized tyrosine (S3YZ
ox
) (Hoganson and Babcock 1997). 
The latter would imply an intimate role for YZ
ox
 in water oxidation, perhaps through hydrogen-
atom transfer. Using time-resolved X-ray spectroscopy, Haumann et al (2005) obtained direct 
structural evidence for an S4 state. This experiment took advantage of the high-brightness third-
generation synchrotron sources that provide higher X-ray flux. In their model, they suggested S4 
contains S3YZ
ox
. That is, the fourth oxidizing equivalent in the water oxidation cycle resides on 




              In oxygenic organisms, excitation energy transfer and trapping is not a hundred percent 
efficient and is always accompanied by losses due to heat dissipation and fluorescence. The 
radiative emission from excited chlorophylls giving rise to a red fluorescence provides a 
theoretical basis for many types of fluorometers to analyze the decay and induction kinetics of 
excited states generated in the antenna and the PS II complex (Holzwarth 1989; Lazar 2007). 
Non-invasive and highly sensitive, fluorescence measurements also allow monitoring of the 
functional state of the photosynthetic apparatus in vivo and therefore are widely used in a variety 
of photosynthesis experiments. 
              Based on the crystal structure, the cyanobacterial PS II complex contains 17 
transmembrane protein subunits and three extrinsic proteins associated at the lumenal side 
(Ferreira et al. 2004). From functional studies, it seems that in cyanobacteria and higher plants, at 
least six intrinsic proteins appear to be required for O2 evolution (Murata et al. 1984; Bricker 
1992; Burnap et al. 1992). These are CP47 (PsbB) and CP43 (PsbC) chlorophyll-binding 
subunits, D1 (PsbA) and D2 (PsbD) chlorophyll-binding reaction center subunits, and the (PsbE) 
and β (PsbF) subunits of cytochrome b559. In addition to these membrane integral core subunits, 
in cyanobacteria, there are 11 small subunits with molecular weights below 10 kDa, namely, 
PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbTc, PsbX, PsbY, PsbZ, and Ycf12 (Loll et al. 2005; 
Kashino et al. 2006).  Many studies have indicated the major intrinsic proteins such CP47, CP43, 
D1, and D2 are similar among different phylogenetic groups (Enami et al. 2008). On the other 
hand, the extrinsic proteins on the lumenal side of the membrane are largely different in the 
various phylogenetic groups capable of oxygenic photosynthesis. The oxygen evolving complex 
(OEC), which is responsible for water oxidation, is located on the lumenal side. In higher plants, 
the PsbO protein, PsbP protein, and PsbQ proteins are believed to be the most important extrinsic 
proteins in the vicinity of the OEC. 
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The 33 kDa PsbO Protein 
              Among the extrinsic proteins, the PsbO protein (also called the 33 kDa protein or 
Manganese Stabilizing Protein or MSP) plays an important role in maintaining the stability and 
activity of the manganese cluster under physiological conditions and is present in all of the 
oxygenic photosynthetic organisms (Miyao and Murata 1984; Enami et al. 2008). Sequence 
comparison analysis showed that the amino acid sequence is relatively highly conserved, with 
43% of the residues being either completely conserved or conservatively replaced among 22 
different species (Bricker and Burnap 2007). Protease digestion (Eaton-Rye and Murata 1989) 
and cross-linking studies (Odom and Bricker 1992) suggest that the N-terminal region of PsbO 
binds to loop E of CP47. The main function of this protein appears to be to stabilize the cluster of 
four manganese ions at the catalytic center of the OEC (Miyao and Murata 1984).  
Unfortunately, no crystal structure has been presented for the isolated PsbO protein either from 
cyanobacteria or higher plants. An electron density has been mapped which was hypothesized to 
arise from the PsbO protein in cyanobacteria. Secondary structure analysis from the crystal is 
very consistent with results from far-UV CD and FTIR studies (Xu and Bricker 1994). 
Numerous attempts have been made to crystallize the isolated PsbO protein (Adir 1999), 
however they have failed. Studies (Hutchison et al. 1999) using FTIR provided evidence that 
once the PsbO protein binds to PS II membrane, substantial increases in β-sheet content and a 
decrease in random and/or turn structure on the PsbO protein were observed comparing to non-
reconstituted PsbO protein. 
              Functionally, the PsbO protein has also been termed the ―manganese stabilizing protein‖ 
due to the observation that removal of this component from PS II leads to a destabilization of the 
manganese cluster at low, physiological chloride concentrations with 2 of the 4 manganese ions 
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being lost. In the presence of high chloride concentrations (>100 mM), oxygen evolution is only 
20-40% of control rates, even though the manganese cluster remains intact (Bricker 1992; 




 are known to be essential cofactors of 
OEC, however, whether PsbO protein is directly involved in Ca
2+
 binding still remains open for 
discussion.  Early studies (Coleman and Govinjee 1987; Webber and Gray 1989) supported that 
the PsbO protein is a Ca
2+
 binding protein, however, Seidler and Rutherford (1996) demonstrated 
that the high affinity binding site for calcium associated with OEC is intact even when PsbO 
protein was stripped off. Later on, two Ca
2+
per PS II are detected in the isolated PS II 
preparations, among which one is close to the Mn cluster (in OEC), and is bound with high 
affinity, and is directly involved in water oxidation (Vrettos et al. 2001). The calcium atom at 
this site can be competitively substituted with several metals, but only strontium substitution 
supports oxygen evolution. The localization of the other, probably low-affinity Ca
2+
-binding 
site(s) in PS II remains uncertain. Recently, it has been suggested again that the PsbO protein 
acts as a Ca
2+
 binding protein with low binding affinity (Kruk et al. 2003). It was observed that 
binding of Ca
2+
 or lanthanides to the PsbO protein induces conformational changes in the PsbO 
protein that manifest in fluorescence emission spectra of the protein, circular dichroism spectra, 
and calorimetric thermograms, where the phase transitions are shifted to lower temperatures.  
FTIR (Herdia and De Las Rivas 2003) analysis also showed that in the presence of Ca
2+
 the 
fraction of β-structure in the PsbO protein increases 7-10% with a concomitant decrease in loops 
and nonordered structure. The authors reasoned that the calcium that binds the Mn cluster with 
high affinity is different and independent from the calcium that is bound by the 33 kDa protein 
with low affinity. The later may not be directly involved in the process of oxygen evolution. 
However, it may influence the conformation of the 33 kDa protein itself and/or the neighboring 
proteins and thereby indirectly affect the oxygen evolution activity. The interpretation of the 
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physiological significance of the PsbO protein-Ca
2+
 binding remains controversial. Whether Ca
2+
 
induces association or dissociation of the PsbO protein to PS II still remains unclear. The authors 
(Heredia and De Las Rivas 2003) mentioned that possible residues involved in Ca
2+
 binding are 
a highly conserved Glu114, a less conserved Glu54, and the Thermosynechococcus. elongates 
specific His231. The Ca
2+
 binding site has been identified (Murray and Barber 2006) as being 
located very close to the lumenal exit site of the proposed proton channel and the binding Ca
2+
 of 
PsbO seems to be totally different from the Ca
2+
 as a cofactor in OEC. Whether it binds Ca
2+
 or 
another metal ion under physiological conditions has yet to be determined. 
              In the absence of the PsbO protein, the S-state cycle is modified. Miyao et al (1987) 
showed that both S2 and S3 state lifetimes were increased in PsbO depleted samples. State 
transitions of S2 to S3 and S3 to [S4] to S0 were retarded two- to three-fold respectively. Similar 
results were obtained upon examination of the ΔPsbO mutants in cyanobacteria (Burnap and 
Sherman 1991). FTIR analysis (Hutchison et al. 1999) indicated that the S1 to S2 state transition 
was accompanied by PsbO protein protonation and increased secondary structure content. This 
idea was extended by a hypothesis based on computation of the poorly resolved PsbO protein in 
PS II crystal structure from cyanobacteria (Shutova et al. 2007). It was hypothesized that a 
cluster of conserved acidic amino acid residues funnels protons from the manganese cluster to 
the lumenal side of the membrane. In this case, protons generated at the catalytic center of PS II 
do not need to be released directly into the thylakoid lumen as free ions; instead, in accordance 
with the lateral proton transport theory, the exiting protons from PsbO feed to ATP synthase by a 
fast proton transfer conduit or network on the lumenal side of the thylakoid membrane.  The only 
argument against this beautiful scheme of proton transport function of  the PsbO protein is that 
the calculated  pKa of amino acid residue D224 is very high (~9.0), which means under normal 
physiological conditions this carboxylic group is always protonated and consequently cannot be 
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a good proton acceptor.  Although significant pKa shifts are commonly observed within the 
interior of proteins, such a large shift would be unlikely since D224 is solution exposed residues.  
              In addition to these structure-function studies, the PsbO protein appears to be involved 
in PS II stability and assembly (Spetea et al. 2004; Yi et al. 2005; Lundin et al. 2007a; Lundin et 
al. 2007b). It has been reported recently that the PsbO protein from higher plants binds GTP. 
Four GTP-binding domains in the structure of spinach PsbO are predicted to be localized in the 
β-barrel domain of the protein, as judged by comparison with the 3D-structure of the 
cyanobacterial counterpart (Lundin et al. 2008). Physical methods such as CD and endogenous 
fluorescence spectroscopy also detected MgGTP-induced structural changes of PsbO in solution. 
There are still no successful reports from NMR (personal correspondence) or ITC (Isothermal 
Titration Calorimetry, Liu unpublished) demonstrating binding of MgGTP to the PsbO protein. 
The low intrinsic GTPase activity of PsbO isolated from spinach can be enhanced fifteen-fold 
when the protein is associated with the PS II complex (Lundin et al. 2007b). Upon binding of 
GTP in the light, the PsbO protein dissociates from PS II. It is expected that GTP hydrolysis by 
PsbO and/or its removal destabilizes the monomer–monomer interactions and also leads to 
structural rearrangements of the core monomers, as previously suggested (Boekema et al. 2000). 
              This process is believed to be the prelude of OEC and D1 protein turnover.  In 
Arabidopsis thaliana, two genes which encode PsbO (psbO-1, At5g66570, and psbO-2, 
At3g50820) are both expressed under normal growth conditions, yielding two different PsbO 
proteins (PsbO-1 and PsbO-2, respectively). These have been identified on two-dimensional gels 
of lumenally localized proteins (Kieselbach et al. 1998; Schuber et al. 2002) and are also 
resolved via one-dimensional SDS-PAGE (Murakami et al. 2002). Interestingly, Arabidopsis 
PsbO-1 protein has a similar GTPase activity to that of spinach, but this activity is much lower 
(three-fold) than that of the PsbO-2 protein (Lundin et al. 2008). Under photoinhibitory 
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conditions, inactivation of PS II electron transport in the PsbO-2 deficient mutant leaves was 
slowed down and the subsequent degradation of the D1 protein was inhibited. This supports the 
idea that the function of PsbO-1 in Arabidopsis is mostly in support of PS II activity (Murakami 
et al. 2005), whereas PsbO-2 may regulate the turnover of the D1 protein by increasing its 
accessibility to the phosphatases and proteases involved in its degradation (Spetea et al. 2004). 
Lundin et al (2008) suggested that Arabidopsis PsbO-2 is a better GTPase than PsbO-1, and that 
its presence greatly enhances the rate of light-induced GTP-dependent D1 protein degradation. In 
order to interpret the observation that PsbO-2 protein alone can support photoautotrophic growth, 
the authors introduced the assumption that the GTP effect does not occur during a direct 
interaction of PsbO-2 with the D1 proteases, but only if the GTP hydrolysis is combined with 
light exposure-induced PS II monomerization or with the release of CP43 protein from the PS II 
center. Taken together, the findings of this study strengthen the possibility of a distinct 
physiological role for PsbO-2 during high light stress in Arabidopsis. At the present time, there 
are at least two factors which may regulate or affect the conformation of the PsbO protein, GTP 
and Ca
2+
. It will be very interesting to study how these factors interact during PS II biogenesis. 
The 10 kDa PsbR Protein 
              PsbR, also known as the 10 kDa PS II polypeptide, was first copurified with PS II 
complexes of spinach (Ljungberg et al. 1986). It has been poorly characterized and regarded as a 
―mystery‖ subunit of PS II residing on the lumenal side of the thylakoid. Although 90% of the 
PsbR protein and most of the PsbP and PsbQ proteins dissociate from PS II enriched membranes 
when washed with 1M NaCl/ 0.06% Triton X-100, there is no successful isolation procedure for 
this protein using this method. Probably, this could be one of the reasons why this protein is 
regarded as a ―mystery‖. The PsbR protein can also be removed from inside-out PS II enriched 
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membranes, i.e. with lumenal surface facing outwards PS II membranes, by alkaline Tris without 
any detergents.  However, after this treatment PsbR protein showed poor solubility, adhered 
strongly to plastic surfaces and was difficult to recover. Another report (De Las Rivas and 
Heredia 2007) showed that after an 18 hours treatment with 1M CaCl2, the PsbR protein was 
released from an oxygen-evolving preparation, but there was no subsequent attempt at 
purification.  Based on the observation that the manganese cluster was lost about 10 hours before 
PsbR protein disappearance, the authors hypothesized that the PsbR protein is in the vicinity of 
the OEC and that there may be an association between PsbR and the Mn4Ca cluster. Starting 
from an oxygen-evolving preparation, PsbS, PsbR, CP 26, and CP 29 proteins can be selectively 
extracted from the PS II core (Mishra and Ghanotakis 1994). Interestingly, the treatment used by 
the authors did not affect the binding of extrinsic proteins (33, 23 and 17 kDa) and the DCMU 
sensitivity of PS II core complex nor did it lead to the release of the manganese cluster.  
              Another reason why this protein remains a mystery comes from the unknown targeting 
mechanism from its site of synthesis in the cytosol to the thylakoid lumen.  PrePsbR translated 
on free ribosomes in the cytosol has a very short transit sequence (only 41 amino acid residues in 
both Arabidopsis and spinach) relative to that of other nuclear-encoded extrinsic proteins of the 
PS II complex, such as the 85 amino acid residues of PsbO-1 protein in Arabidopsis.  It has been 
suggested that the shortened N-terminal sequence acts to target PsbR into the chloroplast stroma 
where it is cleaved and that the C-terminal region functions as a non-cleavable signal for lumen 
import acting subsequently as a hydrophobic anchor of PsbR to PS II membrane (Webber et al. 
1989). The hypothesized translocation mechanism of PsbR is based on significant sequence 
homology of the PsbR C-terminal domain with a second transit peptide C-terminal domain 
sequence of other nuclear encoded chloroplast proteins. If the PsbR protein uses such a sequence 
as a second transit targeting information and shares with plastocyanin, PsbO, PsbP proteins the 
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same TPP (Thylakoid Processing Peptidase), the final protein product is predicted to contain a 
hydrophobic C-terminal domain with the final amino acid cleaved off, for instance, glutamine 
residues in both spinach and Arabidopsis psbR protein. The second amino acid from the last 
(alanine) is exposed as the C-terminus of the mature PsbR protein. We can also assume that the 
C-terminal sequence of mature PsbR protein, except the final amino acid, serves as the second 
transit peptide but does not get cleaved, as in the case of the PsbO protein second transit peptide.  
Until now, there is no report from either C-terminal sequencing studies of PsbR or MALDI-TOF 
studies of this protein to support this very interesting hypothesis. It’s also unknown which 
subunits are the nearest neighbors of PsbR protein. The only structural study is from a crossing-
linking experiment (Harrer et al. 1998) using DTSSP, a cleavable crosslinker (12Å span). In this 
study, CP47 formed a cross-linking species with a 10 kDa polypeptide. The author tentatively 
identified it as PsbR due to the observation that the 54-56 kDa crossing-linking species 
disappeared when the PS II membrane was Tris washed before cross-linking treatment. As noted 
above, this treatment is believed to remove the PsbR protein (Ljungberb et al. 1984). In their 
experiment, the authors didn’t use immunological analysis or mass spectrometry to support their 
hypothesis.  
              Two mutant plants have been used to study the function of the PsbR protein.  One 
mutant was generated in tomato using anti-sense technology (Stockhaus et al. 1990) which 
suppressed 97 % of the normal PsbR expression. Another mutant was screened from Arabidopsis 
T-DNA libraries (Suorsa et al. 2006; Allahverdiyeva et al. 2007) and totally lacks the PsbR 
component. Both mutants exhibited reduced rates of QA
-
 reoxidation in the absence of DCMU 
and showed a similar decrease in oxygen evolution.  Oxygen evolution decreasing in both 
mutants became more dramatic when the plants were grown under low light conditions 
(Stockhaus et al. 1990; Suorsa et al. 2006). In both reports, absence of the PsbR protein did not 
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affect the steady state level of the PsbO protein. However, some results presented in the latest 
Arabidopsis paper (Suorsa et al. 2006) are not completely consistent with the paper examining 
the potato mutant (Stockhaus et al. 1990). In Arabidopsis, the absence of the PsbR protein results 
in a specific post-transcriptional reduction in the PsbQ and PsbP proteins, with nearly 
undetectable levels of these components being present under low-light conditions. The author 
suggested the PsbR protein is important for PsbP docking or that the presence of PsbR is 
required for stable assembly of PsbP and PsbQ. In anti-sense tomato plants, no statistical 
reduction of the PsbP and PsbQ protein was observed and the authors concluded that reduced 
PsbR protein level has no effect on the other extrinsic components of the OEC. As mentioned 
earlier in spinach, the PsbR protein, together with CP29, CP26, and PsbS proteins, can be 
specifically removed from PS II membrane preparations without the PsbP and PsbQ proteins 
being intact (Mishra and Ghanotakis 1994). It should be noted that an earlier report (Ljungberg et 
al. 1984) of the removal of the PsbP, PsbQ, and PsbR proteins with 1M NaCl and 0.06% Triton-
X100 did not support the hypothesis that these proteins are binding with each other. While this 
topic remains open for further experimentation, it should be noted that several different 
organisms were used in these reports and even the ―Western‖ blot analysis techniques were 
different. All in all, the nature of the interaction between PsbR and PS II remains unknown. The 
stoichiometry of this component is also unclear. 
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              Photosystem II (PS II) functions as a light-driven, water:plastoquinone oxidoreductase. 
In higher plants and cyanobacteria, at least six intrinsic proteins appear to be required for O2 
evolution (Bricker 1992; Burnap et al. 1992; Murata et al. 1984). These are CP47, CP43, the D1 
protein, the D2 protein, and the  α and β subunits of cytochrome b559. Additionally, in higher 
plants, three extrinsic proteins, with apparent molecular masses of 33 (PsbO), 24 (PsbP), and 16 
kDa (PsbQ), are also required for maximal rates of O2 evolution at physiological inorganic 
cofactor concentrations. Of these three proteins, the PsbO protein appears to play a central role in 
the stabilization of the manganese cluster and is essential for efficient and stable O2 evolution. 
              In Arabidopsis thaliana, two genes which encode PsbO (psbO-1, At5g66570, and psbO-
2, At3g50820) are expressed under normal growth conditions, yielding two different PsbO 
proteins (PsbO-1 and PsbO-2, respectively). These have been identified on two-dimensional gels 
of lumenally localized proteins (Kieselbvach et al. 1998; Schubert et al. 2002) and are also 
resolved via one-dimensional SDS-PAGE (Murakami et al. 2002). It is unclear what advantage 
the plant would accrue from two copies of the PsbO component. A high fluorescence mutant, 
psbo1, was recently identified in which a stop codon had been introduced into the psbO-1 gene 
by EMS mutagenesis at amino acid residue 74 of the mature PsbO protein (74Gln f Stop), which 
led to the loss of this component (Murakami et al. 2002). The mutant exhibited a lower FV/FM, 
lower rates of steady state O2 evolution, and retarded growth. 
              It was demonstrated that PsbO-1 is the major isoform in wild type plants under normal 
growth conditions, and that in the psbo1 mutant the PsbO-2 protein is upregulated in a 
compensatory manner. Interestingly, the increased expression level of the PsbO-2 in the mutant 
appeared to be less than the total amount of PsbO-1 and PsbO-2 in wild type, at least in young 
leaf tissue. The mechanism which leads to the increased level of expression of the PsbO-2 
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protein in the psbo1 mutant is unclear at this time. While these authors concluded that in mature 
leaves the total amount of PsbOs in the psbo1 mutant is smaller than in wild type, analysis of the 
data presented in Figure 2B of Murakami paper (2005) indicates that no statistically significant 
difference exists. Domain- swapping analysis followed by in vitro reconstitution experiments 













I) could explain the functional differences 
between the two PsbO proteins (Murakami et al.2005). These authors concluded that both the 
lower expression level of the PsbO-2 protein and inherent functional defects of this component 
are responsible for the phenotype observed in the mutant psbo1. 
              Although data from these studies demonstrated that lower O2 evolution activity occurs 
upon the binding of PsbO-2 in vivo (Murakami et al. 2002) and in vitro (Murakami et al. 2005), 
the mechanistic details of the mutants’ photochemistry are unclear. In this study, we have used 
fluorescence induction and decay experiments and flash oxygen yield analysis to characterize the 
effects of the loss of the PsbO-1 protein on PS II function in the psbo1 mutant. Our findings 
indicate that significant alterations in PS II photochemistry result from the loss of the PsbO-1 
protein. 
Materials and Methods 
Plant Materials 
              Surface-sterilized seeds of wild type Arabidopsis. thaliana (var. Landsberg erecta) and 
the mutant psbo1 were germinated on solid MS medium (Murashige and Skoog 1962) containing 
0.7% (w/v) agar after cold treatment for 24 h at 4 °C. The seedlings were transferred to soil 10 




 of white light. Only fully 
expanded rosette leaves of 4-6 week-old plants were used. The leaves were dark-adapted for at 




              Fluorescence induction was monitored with a Photon Systems Instruments (PSI) 
FL3000 dual modulation kinetic fluorometer (commercial version of the instrument described in 
Nedbal et al (1999)). Both measuring and saturating flashes are provided by computer-controlled 
photodiode arrays. The flash profile exhibited a square shape for low power measuring flashes 
and only deviated 5% from an ideal square shape for saturating actinic flashes. For all of the 
fluorescence experiments, single leaves from wild type and psbo1 were excised and dark-
incubated for 5 min before initiation of the experiments. In the standard fluorescence induction 
experiments (Kautsky experiments), data were collected in a logarithmic time series between 1 
ms and 4s after the onset of strong actinic light. In the flash fluorescence induction experiments, 
the kinetics of the rapid fluorescence rise following a single saturating flash delivered by light 
emitting diodes were examined for 50 μs with a time resolution of 1 μs in the presence of 
DCMU. Data were collected at a frequency of 10 MHz with 12 bit resolution. Proportions of PS 
IIα and PS IIβ centers were calculated using proprietary PSI software (Nedbal et al. 1999). In the 
fluorescence decay experiments, the kinetics of the transfer of an electron between QA
- 
and QB 
were examined in the absence of DCMU, while the recombination reactions of QA
-
 with PS II 
donor-side components were examined in the presence of DCMU. For these experiments, data 
were collected between 150 μs and 60 s following a single saturating flash. Data were analyzed 
using the equations outlined in Reifarth et al. 1997. In this mathematical treatment, three 
exponential decay components and a long-lived (essentially nondecaying) residual component 
were included. In the DCMU treatment experiments, the leaves were immersed in 40 μM DCMU 
and 0.1% Tween 20 in water for 30 min prior to performance of the fluorescence experiments. 




Flash Oxygen Yield Experiments 
              These studies were performed on thylakoid membranes isolated from wild type and 
psbo1 plants. Thylakoids were isolated by grinding two to five leaves in a glass homogenizer 
with 1.0 mL of a buffer containing 0.45 M sorbitol, 10 mM EDTA, 0.1% BSA, 1% 
polyvinylpyrrolidone, and 20 mM Tricine-NaOH (pH 8.4). The homogenate was filtered through 
one layer of Miracloth, and the thylakoids pelleted by centrifugation at 4°C and 16000 x g in a 
microcentrifuge. Flash oxygen yield measurements were performed on a bare platinum electrode 
(Artesian Scientific Co., Urbana, IL). Flashes were supplied by an integrated, computer-
controlled xenon flash lamp (20μs). For the measurements of S-state distributions and S-state 
parameters, thylakoids were pelleted and applied to the electrode as a thin paste. The thylakoids 
were then incubated for 5 min in the dark; the electrode was polarized at 0.73 V for 10 s, and a 
series of saturating flashes was applied. Data points were collected at 500 μs intervals during the 
duration of the flash train. The data were analyzed using a four-state, homogeneous model 
(Meunier, 1993). Five- and six-state models which incorporated either an S-1 state or S-1 and S-2 
states, respectively, uniformly failed to fit the data acquired from either wild type or mutant 
thylakoids. 
Results and Discussion 
Fluorescence Induction 
              Figure 2.1 shows the chlorophyll a fluorescence rise observed in A. thaliana 
(Landsberg) wild type and psbo1 mutant leaves.  The normalized fluorescence yield is shown. 
Using a logarithmic timing series, a polyphasic fluorescence rise exhibiting the O-J-I-P transients 
was observed for the wild type sample (Strasser and Govindjee 1991; Strasser and Govindjee 
1992). An inspection of the curves shown in Figure 2.1A reveals several interesting features. 
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              First, the O-J transition occurs with a higher fluorescence yield in the psbo1 mutant than 
in wild type. The initial O-J transition constitutes the photochemical phase of the chlorophyll a 
fluorescence rise. This result indicates that electron transfer from QA
-
 to QB is slowed in the 
mutant. This would result in an increased level of accumulation of QA
-
 and consequently an 
increased fluorescence yield. This result is similar to, but less extreme than the effects of 
treatment with DCMU on the fluorescence induction curve (Neubauer and Schreiber 1987). 
              Second, in wild type the J and I transients appeared at 4 and 30-50 ms, respectively; 
however, in psbo1 there was no clearly distinct I transient. In wild type, the J-I transition (4-30 
ms) accounted for 30% of the total fluorescence yield. However, in psbo1 during this same time 
period, the fluorescence yield accounted for less than 2% of the total fluorescence signal. This 
result may indicate a defect in the oxygen-evolving complex. A similar decrease in magnitude of 
the J-I transition has been observed in treatments which damage the oxygen-evolving complex, 
such as mild Tris or heat treatment (Schreiber and Neubauer 1987). Alternatively, the absence of 




state (Strasser and 
Govindjee 1992).  
              It should be noted that these two explanations are not mutually exclusive and both 
could, in principle, contribute to the loss of the J-I transition in the mutant. In both wild type and 
psbo1, the magnitude of the fluorescence signal started to rise at 30 ms, with both strains 
reaching the P level in 100-200 ms. Overall, the total fluorescence yield of the thermal phase (J-P 
transition) is reduced in psbo1 (32% in psbo1 vs 48% in wild type), while the photochemical 
phase (O-J transition) is increased in the mutant (68% in psbo1 vs 52% in wild type). In the 
presence of DCMU, both wild type and psbo1 reached maximal fluorescence at approximately 




Figure 2.1 Fluorescence Induction of Wild Type and psbo1 Plants. Data were collected after 
dark incubation for 5 min. (A) Fluorescence induction in the absence of DCMU. (B) Fluorescence 
induction in the presence of DCMU: (■) wild type and (●) psbo1. n = 3 (error bars, ±1.0 standard 
deviation); in some instances, the error bars are smaller than the symbols. 
 
Flash Fluorescence Induction 
              Figure 2.2 shows the flash induced fluorescence induction at a 1 μs time resolution in 
the presence of DCMU. The normalized variable fluorescence yield is shown. In this experiment, 
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electron transfer between QA
-
 and QB is abolished by the presence of DCMU. The observed 
fluorescence rise is the result of the rereduction by the oxygen-evolving complex of YZ, which is 
in equilibrium with the primary electron donor P680
+
 (Robinson and Crofts 1987).  
 
Figure 2.2 Fluorescence Induction Following a Single Saturating Flash in the Presence of 
DCMU. Data were collected after dark incubation for 5 min. Please note the different time scales 
used in this figure vs that in Figure 2.1B. The inset shows the amounts of PS IIα and PS IIβ 
reaction centers present in the wild type (WT) and psbo1 based on this flash fluorescence 
induction data: (■) wild type and (●) psbo1. n = 3 (error bars, ±1.0 standard deviation); in some 
instances, the error bars are smaller than the symbols. 
 
              The shape of this fluorescence rise contains information bearing on the amount of PS IIα 
and PS IIβ reaction centers present in the sample. Exponential fluorescence rise kinetics indicates 
that the antennae of individual PS II centers are not coupled (i.e., a characteristic of PS IIβ 
centers), while sigmoidal fluorescence rise kinetics indicate a high degree of interconnectivity 
between the antennae of PS II centers (i.e., a characteristic of PS IIα centers) (Lavergne and 
Trissl 1995). This is true under conditions of both continuous relatively weak light illumination 
(slow fluorescence induction) and single saturating flash conditions (fast fluorescence induction) 
as demonstrated by Nedbal et al. (1999).  
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              This experiment allows the determination of the relative proportions of PS IIα and PS IIβ 
reaction centers (Nedbal et al. 1999) (Figure 2.2, inset). In addition to the differences noted 
above, PS IIβ centers have a smaller antenna size, are enriched in chlorophyll a, and are depleted 
of the light harvesting chlorophyll proteins. They appear to be principally located in the stromal 
thylakoid membranes (Lavergne and Briantais 1996) and at the grana margins (Wollenberger et 
al. 1994). Additionally, PS IIβ centers appear to be defective in their ability to transfer electrons 
from QA
-
 to QB (Melis 1991). In wild type, we find the ratio of PS IIα to PS IIβ to be 1.2. This 
value is similar to those obtained in other studies (Melis and Homann 1976; Roefofs et al. 1992; 
Thilen and Van Gorkom 1981). In psbo1, however, there is a marked enrichment of PS IIβ 
centers, with the PS IIα to PS IIβ ratio being 0.32. The high proportion of PS IIβ centers which we 
observed may indicate an increased rate of metabolic turnover of PS II in the mutant, as 
conditions which increase the rate of photoinactivation also lead to increases in the amount of PS 
IIβ centers that are observed (Melis 1991). 
Fluorescence Decay Kinetics  
              Additional information concerning the electron transfer characteristics on both the 
reducing and oxidizing sides of the photosystem was obtained by examining QA
- 
reoxidation 
kinetics in either the absence or the presence of DCMU. These results are shown in Figure 2.3. In 
the absence of DCMU (Figure 2.3A), the fluorescence decay after a single saturating flash can be 
resolved into three exponential components (Reifarth et al. 1997). The fastest (and dominant) 
exponential decay component which we observed for wild type is related to the transfer 
of an electron from QA
-
 to QB (220 μs, 46%) (Table 2.1). The middle exponential decay 
component (0.88 ms, 25%) is associated with transfer of an electron from QA
-
 to QB in reaction 
centers which have to bind plastoquinone to the QB site before QA
-
 oxidation can occur.            
30 
 
The slowest decay component (690 ms, 18%) is related to a charge recombination reaction in 
which the reoxidation of QA
-
 occurs with donor-side components. Finally, a residual fraction of 
the fluorescence yield (~11%) is very long-lived and may result from the equilibrium between 
QA
-
 and QB (Robinson and Crofts 1983). For the psbo1 mutant, the time constant for the fast 
phase increased from 220 to 401 μs. This indicates that electron transport from QA
- 
to QB is 
somewhat slowed in the mutant. Additionally, the time constant for the middle exponential decay 
component increased from 0.88 to 3.9 ms in the mutant. This large increase may be related to the 
large proportion of PS IIβ reaction centers present in the mutant.  PS IIβ reaction centers are 
localized principally in the stromal thylakoid membranes. Since the stromal membranes are 
deficient in photochemically reducible plastoquinone (Melis and Brown 1980), binding of free 
plastoquinone to the QB site would be expected to be slowed in the psbo1 mutant. Additionally, 
the time constant for the slow decay component increased slightly from 690 ms to 760 ms.  This 
change was not significant. The residual amplitude (for the decay component(s) with a τ of >10 
s) also increased significantly, perhaps indicating a change in the QA
-
QB equilibrium. Overall, 
these results indicate that the principal modification on the reducing side of the photosystem 
observed in the mutant, the large increase in the time constant for the middle exponential decay 
component, can be explained by the high proportion of PS IIβ centers present in the mutant. 
              In the presence of DCMU, which prevents the transfer of an electron from QA
- 
to QB, the 
decay of fluorescence following a saturating flash is dominated by charge recombination 
between QA
- 
and the oxidizing-side components of the photosystem. Figure 2.3B illustrates the 
fluorescence decay kinetics of wild type and psbo1 in the presence of DCMU. The observed 
fluorescence decay curves were fit to the same model described above (Allahverdiyeva et al. 
2004). Significant alterations are observed in the mutant. It should be noted that alternative 






 Reoxidation Kinetics Following a Single Saturating Flash of Wild Type and 
psbo1 Plants. Data were collected after dark incubation for 5 min. (A) Fluorescence decay in the 
absence of DCMU. (B) Fluorescence decay in the presence of 40 μM DCMU. Please note the 
different time scales used in panels A and B. (■) wild type and (●) psbo1. n = 6-8 (error bars, 
±1.0 standard deviation); in some instances, the error bars are smaller than the symbols. 
 
(Allahverdiyeva et al. 2004), or only two exponential decay components, failed to adequately fit 
the data. Table 2.2 shows the kinetic parameters obtained for the fluorescence decay in the 
presence of DCMU. The fastest decaying component observed in wild type exhibited a time 
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            Table 2.1 Kinetic Parameters of QA
-
 Reoxidation after a Single Flash in  
            Untreated Leaves from Wild Type and the psbo1 Mutant of A. thaliana  
kinetic component
a
  wild type psbo1  
fast phase  









middle phase  









slow phase  
τ (s)/% amplitude  0.69 ± 0.06/18 ± 0.9
c




τ(s)/% amplitude  >10/11 ± 1
c
  >10/15 ± 2 
                   a
 n = 6-8.
b
 Error, ±1.0 standard deviation.
c
 p < 0.01 (Student's t-test).   
            Table 2.2 Kinetic Parameters of QA
-
 Reoxidation after a Single Flash in DMCU   
Treated Leaves from Wild Type and the psbo1 Mutant of A. thaliana  
kinetic component
a
 wild type psob1 
       fast phase 
τ (μs)/% amplitude 65 ± 26
 b,c
/3 ± 1 11 ± 11
c
/3 ± 1 
middle phase 
 τ (ms)/% amplitude 483 ± 5/38 ± 4
c














 τ (s)/% amplitude >10/6 ± 2
c
 >10/17 ± 4
c
 
                   a
 n = 6-8.
b
 Error, ±1.0 standard deviation. 
c
 p < 0.01 (Student's t-test). 
constant of 65 ms and is attributed to a small fraction of PS II reaction centers (<5%) that lack a 
functional manganese cluster (Weiss and Renger 1984), in which QA
-
 recombines with oxidized 
YZ. The slowest decay component observed for wild type exhibited a time constant of 2.4 s and 
is attributed to charge recombination between QA
-
 and the S2, and possibly the S3, states (Debus 
1992). The origin of the intermediate decay component observed in wild type (483 ms) is 
unclear, although it may represent a subfraction of reaction centers in which the rate of charge 
recombination between QA
-
 and the S2 state is 4-5-fold faster than the 2.4 s component (Reiforth 
et al 1997). In the mutant psbo1, the slowest decay component was observed to have a time 
constant of 3.6 s, and its amplitude increased from 53 to 65%. This result indicates that the S2 
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state and possibly the S3 state are more stable in the psbo1 mutant than in wild type. Little 
change was observed for the time constant of the intermediate decay component, although its 
amplitude decreased from 38% in wild type to 15% in the mutant. The residual decay component 
(τ > 10 s) increased nearly 3-fold in amplitude. These three decay components accounted for 
more than 95% of the total fluorescence signal. A large difference was observed for the minor 
(<5%) rapidly decaying component. The time constant for this decay component decreased from 
65 ms in wild type to 11 ms in the mutant. The origin of this 6-fold rate increase is very unclear 
at this time. The small amplitude of the signal makes it difficult to mathematically extract the 
kinetic parameters for this component. Consequently, the observed rapid time constant may be 
an artifact. 
Flash Oxygen Yield Experiments  
              To obtain additional information about the donor side of PS II in the psbo1 mutant, flash 
oxygen yield experiments were performed. Figure 2.4 shows the results of these studies. Wild 
type Arabidopsis thylakoids exhibited a normal flash oxygen yield series with relatively low  
Oxygen yields on the first and second flashes. This indicates that after dark incubation for 5 min 
relatively few PS II reaction centers were in the S3 and S2 states. The large oxygen yield on the 
third flash indicates that most of the reaction centers were in the dark stable S1 state. In the psbo1 
mutant, however, a significantly different flash oxygen yield pattern was observed. Significant 
amounts of oxygen were released on the first and second flashes. This result indicates 
qualitatively that an increased number of oxygen-evolving reaction centers were in the S3 and S2 
states. Analysis of the flash oxygen yield pattern using a four-state homogeneous model 
(Meunier, 1993) quantitatively confirmed this observation (Table 2.3). It should be noted that S-
state transition models incorporating S-1 or S-1 and S-2 states (Meunier et al. 1995) uniformly 
failed to fit the data. After dark incubation for 5 min, the mutant exhibited a significantly higher 
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proportion of oxygen-evolving centers in the S2 and S3 states and a significantly lower proportion 
of centers in the S1 state. These changes were not associated with alterations of the S-state 
parameters, as no significant differences were observed in single hits, double hits, misses, or 
deactivations. Our results indicate that the oxygen evolving apparatus in psbo1 PS II is altered 
and that the S2 and S3 states are long-lived. 
 
Figure 2.4 Typical Flash Oxygen Yield Experiments for Wild Type and psbo1 Thylakoid 
Membranes. Data were collected after dark incubation for 5 min. Flash oxygen yields were 
normalized to the oxygen yield observed on the third flash. Note the high oxygen yield observed 
on the first and second flashes for psbo1 thylakoid membranes: (■) wild type and (●) psbo1. n = 
3 (error bars, ±1.0 standard deviation); in some instances, the error bars are smaller than the 
symbols. 
 
              In spinach, which possesses only a single PsbO protein isoform, chemical removal of 
this component from PS II membranes leads to increased lifetimes for the S2 and S3 states 
(Miyao et al. 1987). Similar results are obtained for the cyanobacterium Synechocystis in mutants 
from which the PsbO protein had been deleted (Burnap et al. 1992; Vass et al. 1992) and in 
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mutants which could not bind PsbO normally (Putnam-Evans et al. 1996). Our observation that 
the psbo1 mutant, which lacks PsbO-1, exhibits long-lived S2 and S3 states appears to indicate 
that the PsbO-2 protein which is present is defective in supporting normal S-state turnover. It 
should be noted that this observed defect does not appear to be the result of the overall smaller 
amount of the total amount of PsbOs present in the psbo1 mutant as previously asserted 
(Murakami et al. 2005), at least for mature leaves (such as those used in this study). Examination 
of Figure 2.2B of Murakami paper (2005) demonstrates that there is no statistically significant 
difference in the total amounts of PsbOs in wild type versus the psbo1 mutant even though these 
workers conclude otherwise. In vitro reconstitution of saturating amounts of PsbO-2 protein onto 
PsbO-depleted PS II membranes restored steady-state oxygen evolution rates to only ~75% of 
that of wild type (Murakami et al. 2005). These workers also demonstrated that both the PsbO-1 
and PsbO-2 proteins bound to PS II membranes with similar affinity. In our hands (Figure 2.1), 
the fluorescence quantum yield for wild type is 0.8 and for psbo1 is 0.6 (i.e., the mutant quantum 
yield is 75% of that exhibited by wild type), which is consistent with the results reported in their 
paper (Murakami et al. 2002). 
                   Table 2.3 S-state Distributions and Parameters for Wild Type and  
                    the psbo1 Mutant of A. thaliana  
S-state distribution
a
 wild type psbo1 
S0  17.6 ± 2.4
b
 18.6 ± 1.8 
S1  74.8 ± 10.8
c
 53.5 ± 10.8
c
 
S2 2.9 ± 7.0
c
 13.0 ± 4.2
c
 
S3 3.1 ± 4.8
c





 % % 
misses 10.2 ± 1.2 9.9 ± 1.4 
single hits 85.0 ± 1.9 85.3 ± 1.8 
double hits 2.8 ± 0.5 3.0 ± 0.2 
deactivations 0.8 ± 0.9 0.4 ± 0.8 
                              a
 n = 4.
b
 Error, ±1.0 standard deviation. 
c




              The psbo1 mutant exhibits significant defects in PS II photochemistry. Our fluorescence 
induction measurements indicate that the photochemical phase of the induction curve is 
enhanced in the mutant, while the initial component of the thermal phase (i.e., I-J transition) is 
nearly absent. This indicates a probable defect in the water-oxidizing complex. Fast fluorescence 
induction measurements in the presence of DCMU indicate that the mutant accumulates 
significantly more PS IIβ reaction centers than wild type does.  
               Alterations in fluorescence decay kinetics either in the absence or presence of DCMU 
are also evident. In the absence of DCMU, the time constant of the middle decay component is 
increased 4-fold when compared to that of the wild type. This indicates that transfer of an 
electron from QA
-
 to QB is retarded in PS II reaction centers in which the QB site is initially 
unoccupied by plastoquinone. This is consistent with the high proportion of PS IIβ reaction 
centers present in the mutant. Because of their stromal thylakoid location, these centers have 
access to less photochemically reducible plastoquinone than do the granal thylakoid localized PS 
IIα reaction centers. The fast components of the fluorescence decay curve are also retarded, 
although to a degree much smaller than that observed for the middle decay component. The 
residual amplitude (for the decay component(s) with a τ of >10 s) also increased significantly, 
perhaps indicating a change in the QA
-
-QB equilibrium. In the presence of DCMU, the fast 
component of the fluorescence decay curve is greatly accelerated (16-fold) compared to that of 
wild type, although this represents a very minor component of the entire decay curve (3-4%). 
The cause of this acceleration is unclear at this time. The time constant for the slow component 
of the decay curve, and its amplitude, is increased in the mutant. Additionally, the residual 
amplitude (for the decay component(s) with a τ of >10 s) increased nearly 3-fold. These results 
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indicate that charge recombination between QA
-
 and the oxidizing side of the photosystem is 
significantly retarded. 
              Finally, our flash oxygen yield experiments demonstrated that after dark incubation a 
significantly larger number of oxygen-evolving PS II reaction centers in the psbo1 mutant were 
in the S2 and S3 states when compared to wild type. This indicates that the S2 and S3 states are 
long-lived in the mutant. No differences are observed in the various S-state parameters (single 
hits, misses, double hits, or deactivations). Our working hypothesis is that the stabilization of the 
S2 and S3 states in the psbo1 mutant increases the likelihood that damaging oxidizing-side 
radical(s), most likely P680
+
 (Anderson et al. 1998) and/or oxidized YZ (Jegerschold et al. 1990), 
will accumulate. Conditions which increase S-state lifetimes appear to uniformly increase the 
sensitivity to photoinhibition; these include chloride depletion (Jegerschold et al. 1990), calcium 
depletion (Ono and Inoue. 1990; Keren et al. 2000), and the loss of PsbO (Phibrich et al. 1991). 
The presence of long-lived S2 and S3 states in psbo1 would lead to an increased rate of damage to 
the photosystem and an increased rate of conversion of PS IIα to PS IIβ reaction centers as a 
prelude to photosystem disassembly and subsequent repair (Chow and Aro 2005).  
              It has been suggested that the PsbO-2 protein plays a specific role in regulating the 
phosphorylation state of PS II reaction center components (Lundin et al. 2007). Specifically, it 
was hypothesized that the presence of PsbO-2 leads to the dephosphorylation of the D1 protein 
and that this dephosphorylation targets PS II reaction centers for degradation and subsequent 
repair. These investigators concluded that the PsbO-2 protein regulates the turnover of D1. Our 
view is that this regulatory role for PsbO-2 is unlikely and that the observed dephosphorylation is 
a result of an increased level of photodamage to PS II due to the inability of PsbO-2 to support 
normal S-state advancement in the oxygen-evolving complex. Since there are very few amino 
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acid differences between PsbO-1 and PsbO-2, what is the molecular basis for the increased S2- 
and S3-state lifetimes in the psbo1 mutant? This question is difficult to answer at this time.  
              Since the PsbO-1 and PsbO-2 proteins exhibit similar affinities for photosystem II 
(Murakami 2005), it would appear that the increased S-state lifetimes are due to intrinsic features 
of the PsbO-2 protein and not to defects in the binding of this component to PS II. We have 
earlier hypothesized that the PsbO protein functions in maintaining the chloride associated with 
oxygen evolution in the vicinity of the oxygen-evolving site (Bricker and Frankel 1998). This 
was principally based on the observation that the removal of the PsbO protein, either chemically 
or by mutagenesis, yielded a phenotype which was very similar to that observed upon chloride 
depletion. Recently, direct experimental support for this hypothesis has been published 













I), identified previously (Murakami et al. 
2005) in domain-swapping experiments, may disrupt the ability of the PsbO-2 protein to 
maintain chloride in the vicinity of the oxygen-evolving site without altering the protein’s 
binding characteristics. We are currently testing this hypothesis. 
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FUNCTIONAL COMPLEMENTATION OF THE 
ARABIDOPSIS PSBO1 MUTANT WITH AN N-






















  Photosystem II (PS II) functions as a light-driven, water-plastoquinone oxidoreductase 
in higher plants and cyanobacteria.  At least six intrinsic proteins appear to be required for O2 
evolution (Bricker and Ghahotakis 1996). These are CP47, CP43, D1, D2, and the α and β 
subunits of cytochrome b559. Additionally, in higher plants, three extrinsic proteins, with 
apparent molecular masses of 33 (PsbO), 24 (PsbP), and 17 kDa (PsbQ), are required for 
maximal rates of O2 evolution at physiological inorganic cofactor concentrations (Bricker and 
Burnap 2005). Of these three proteins, the PsbO protein appears to play a central role in the 
stabilization of the manganese cluster and is essential for efficient and stable O2 evolution 
(Bricker 1992).  Additionally, in higher plants, this component is required for PS II 
assembly/stability and in the absence of the PsbO protein Arabidopsis cannot grow 
photoautotrophically (Yi et al. 2005). 
              In Arabidopsis thaliana, two genes that encode PsbO (psbO-1, At5g66570, and psbO-2, 
At3g50820) are expressed under normal growth conditions, yielding two different PsbO proteins 
(PsbO-1 and PsbO-2, respectively). The PsbO-1protein level was reported to be nine times more 
abundant than that of the PsbO-2 protein (Murakami et al. 2005).  It is unclear what advantage 
the plant would accrue from expressing two isoforms of the PsbO protein. Recently it has been 
reported that the PsbO-2 protein in Arabidopsis can specifically regulate dephosphorylation and 
turnover of the PS II reaction center D1 protein (Lundin et al. 2007).  Additionally, under long-
term, low-temperature growth conditions, the PsbO-1 protein is down-regulated and the PsbO-2 
protein is up-regulated (Goulas et al. 2006).   
  A high fluorescence mutant, psbo1, was recently identified in which a stop codon had 
been introduced into the psbO-1 gene by EMS mutagenesis at amino acid residue 74 of the 
mature PsbO protein (
74
Gln Stop), which led to the loss of this component (Murakami et al. 
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2002). The mutant exhibited a lower FV/FM, lower rates of steady state O2 evolution, and 
retarded growth. It was demonstrated that the PsbO-1 protein is the major isoform in wild type 
under normal growth conditions and that in the psbo1 mutant the PsbO-2 protein is up-regulated 
in a semi-compensatory manner. The mechanism that leads to the increased accumulation of the 
PsbO-2 protein in the psbo1 thylakoid lumen is unclear at this time. These authors concluded that 
in mature leaves the total amount of PsbOs in the psbo1 mutant is somewhat smaller than in wild 
type, although this difference is small in mature leaves. Domain-swapping analysis (Murakami et 
al. 2002) followed by in vitro reconstitution experiments were interpreted as indicating that three 













I) could explain the functional differences between the two PsbO proteins. These 
authors concluded that both the lower expression level of the PsbO-2 protein and inherent 
functional defects of this component are responsible for the phenotype observed in the mutant 
psbo1.  
  Although data from these studies demonstrated that lower O2 evolution activity occurs 
upon the binding of PsbO-2 in vivo (Murakami et al. 2002) and in vitro (Murakami et al. 2005), 
the mechanistic details of the mutant’s photochemistry were unclear. Recently, we demonstrated 
that electron transfer on both the reducing and oxidizing sides of PS II were seriously 
compromised in the psbo1 mutant (Liu et al. 2007).  Electron transfer from QA
- 
to QB in the 
absence of DCMU and charge recombination between QA
-
 and the S2 state of the oxygen-
evolving complex in the presence of DCMU were significantly altered. Additionally, antenna 
heterogeneity analysis showed the ratio of PS IIα to PS IIβ reaction centers was greatly decreased 
in the psbo1 mutant due to the absence of the PsbO-1 protein. Finally, flash oxygen yield 
analysis indicated that both the S2 and S3 states exhibited significantly longer lifetimes in the 
psbo1 thylakoid preparation than in wild type (Liu et al. 2007) and that this was the result of the 
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inability of the PsbO-2 protein to efficiently utilize calcium in support of normal oxygen 
evolution (Bricker and Frankel 2008).   These data indicated that while the PsbO-1 protein 
deficient plants can grow photoautotrophically (although at a reduced growth rate) the 
photochemistry of PS II is significantly altered. 
  In vitro, the importance of the C-terminal domain of the PsbO protein in binding to 
photosystem has been clearly demonstrated (Betts et al. 1998).  Evaluation of the importance of 
the N-terminus, however, is more complicated.  Seidler reported that a N-terminally His6-tagged 
PsbO protein expressed in E.coli could reconstitute O2 evolution to wild type levels but that its 
binding characteristics were very different from that of the wild type protein (Seidler 1994). 
Similarly prePsbO, which contains uncleaved chloroplast and thylakoid membrane transit 
sequences, was found to fully reconstitute oxygen evolution but was also observed to bind non-
specifically to PS II membranes (Popelkova et al. 2002). The domains responsible for the non-
specific binding were subsequently identified ( Popelkova et al. 2005).  Additionally, two 
domains present at the N-terminus of the protein were identified as being responsible for the 
binding of the two copies of PsbO observed in higher plants, with only one of these being present 
in cyanobacterial sequences.  It seems likely that the N-terminus of the PsbO protein is exposed, 
and located near the surface of PS II, rather than being buried either within the tertiary structure 
of PsbO protein or at an interface domain of the PsbO protein and the intrinsic components of the 
photosystem (Popelkova et al. 2002).   
              In our laboratory we are interested in identifying domains of the PsbO protein that are 
important for PS II function and assembly/stability in vivo. In this communication, a new 
transformation vector was constructed which contained six histidyl codons located at the N-
terminus of the mature PsbO-1 protein coding sequence. The expression of this modified PsbO-1 
component was under native psbO-1 gene promoter control. This was introduced into the 
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Arabidopsis psbo1 mutant genome by transformation. Our analysis indicates that the His6-tagged 
PsbO-1 protein was expressed and successfully transported into the chloroplast stoma and 
subsequently into the thylakoid lumen and was folded into a functionally competent state.  The 
His6-tagged PsbO-1 protein nearly fully complemented the defective psbo1 photochemistry that 
we had previously documented (Liu et al. 2007).   
Materials and Methods  
Plant Materials and Growth Condition  
  Surface-sterilized seeds of wild type A. thaliana (var. Landsberg erecta) and the mutant 
psbo1 and the transgenic lines were germinated after cold treatment for 24 h at 4°C on solid MS 
medium (Murashige and Skoog 1962) containing 0.7% (w/v) agar. The seedlings were 





white light. Only fully expanded rosette leaves of 4-6 week-old plants were used for fluorescence 
analysis. It should be noted that the psbo1 mutant plants that were used specifically for genetic 
transformation were grown under different conditions as described below. 
Design and Construction of the His6-psbO-1 Gene Transformation Vector  
              The pBI121 plasmid was used as the initial shuttle host vector for molecular 
engineering. Three steps of molecular manipulation were required to obtain the final 
transformation vector. First, the 35S CMV promoter of pBI121 was replaced with the native 
psbO-1 gene promoter. A 680 bp psbO-1 gene promoter fragment was amplified by PCR using 
the primers OP68F (all of the PCR primers used in this study are summarized in Table 3.1) and 
OP681R using genomic wild type DNA as a template.  This DNA was isolated using DNeasy 
Plant Mini Kit (Qiagen Sciences, USA).  This fragment was then cut with HindIII and XbaI and 
inserted into pBI121 replacing the original CaMV promoter.  In the next step, six histidine 
codons were introduced between the DNA sequences that encode the second transit peptide and 
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the mature PsbO-1 protein sequence. The psbO-1 gene clone was obtained from The Arabidopsis 
Biological Resource Center (ABRC) and used as the template for PCR.  First, a six histidine 
codon sequence was added to the 5’ end of the DNA sequence which encodes the mature PsbO-1 
protein using the PCR primers HisEGA1 and MSP-1-1133SspI.  Second, an AvaI restriction cite 
was included in primer HisEGA2 which also bears the eighteen base pair sequence encoding the 
six histidyl residues which was complementary to the bases in primer HisEGA1. The PCR 
product generated using primer HisEGA2 and primer MSP-1-1133SspI to amplify the DNA 
template obtained in the first step was cut with AvaI and then ligated with the restricted PCR 
product using the primer pair MSP-1-XbaI and MSP-1-344R-AvaI.  The final XbaI-SspI 
fragment was inserted into the XbaI and SmaI site of the original vector created in stage one. 
Finally, in the last step, the PCR product amplified using primers PsbO-1-SacIF and PsbO-1-
SacIR was cut with SacI. This fragment was placed in the vector from stage two.  The orientation 
of this insert was confirmed by PCR amplification with the Hisprimer and pBINOS7805 primers 
(Table 3.1). The final insert sequence was confirmed by DNA sequencing using the appropriate 
sequencing primers. The final vector is named pHMINTER.  All of the molecular manipulations 
involving Escherichia. coli followed standard lab routine procedures.  The pHMINTER vector 
was introduced into Agrobacterium (strain GV3101) by the freeze-thaw method (Holster et al. 
1978).  
Arabidopsis Transformation and Screening 
              The stunted size of the psbo1 mutant plants made transformation difficult.  Surface-
sterilized psbo1 seeds were spread onto solid MS medium containing 0.7% agar, 2% sucrose and 
were incubated in the dark at 4°C for 2 days. The psbo1 seedlings were transferred to soil ten 
days after germination. The plants were grown for two weeks under an 8 hour light-16 hour dark 




 of white light to encourage vegetative growth. 
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   Table 3.1 Oligonucleotides Used in the Construction of pHMINTER 
Oligonucleotide Sequence (length of oligonucleotide) 
OP681F 5’-TCTAAGCTTCCCTGCATCCTAGTCCTGAAGT-3’ (31 nt) 
OP681R 5’-CAGGTCTAGAAGTCTCTCTTGAGTTTTTTTTTTGGTG-3’ (37 nt) 
HisEGA1 5’-CATCACCATCACCATCACGAGGGAGCTCCAAAGAG-3’ (35 nt) 
HisEGA2 5’-TCGTCTCGGGAGCAAGTGCGCATCACCATCACCATCAC-3’ (38 nt) 
MSP-1-1133Ssp-1 5’-CAAAACATGTTAATATTATCATCAAACACAA-3’ (31 nt) 
MSP-1-XbaI 5’-AATTCTAGACCATGGCAGCCTCTCTC-3’ (26 nt) 
MSP-1-344R-AvaI 5’-ATGCGCACTTGCTCCCGAGACGAC-3’ (24 nt) 
psbO-1-SacIF 5’-GGGAGCTCCAAAGAGATTGACC-3’ (22 nt) 
psbO-1-SacIR 5’-CTGAGCTCTCACTCAAGTTGACCATACCACACC-3' (33 nt) 
pBI121SEQ4886 5’-GTTGTGTGGAATTGTGAGCGG-3’ (21 nt) 
pBINOS7805 5’-ACATGCTTAACGTAATTCAACAG-3' (23 nt) 
Hisprimer 5’-CATCACCATCACCATCAC-3’ (18 nt) 
psbO1R813 5’-GGCGTTGTCATATCCTGTG-3’ (19 nt) 
PC-F 5’-ATGGCCGCAATTACATCAG-3’ (19 nt) 
PC-R 5'-TTCCCAACCATACCAGCACC-3' (20 nt) 
 
Subsequently, the light cycle was changed manually, increasing the length of the light period and 
decreasing the length of the dark period by one hour each day until flowering was induced. The 
most healthy flowering psbo1 plants were then transformed with Agrobacterium (strain GV3101) 
containing the pHMINTER plasmid using the floral dip method as previously described (Clough 
and Bent 1998) except with a decreased Silwet L-77 concentration of 0.01%. Harvested seeds 
were surface-sterilized with 50% ethyl alcohol and 0.5% Tween-20 for 3 min and then 70% ethyl 
alcohol for 3 min followed by washing three times with sterile water. Seeds were spread onto 
solid MS medium containing 0.7% agar, 50 mg/liter kanamycin, and 400 mg/liter carbenicillin 
and then incubated for 2 days at 4 °C in the dark. Transgenic kanamycin-resistant seedlings were 
transferred to soil when the first true leaves appeared. Four-week old fully expanded leaves were 
used for protein screening analysis and genomic DNA analysis.  The presence of the His6-tagged 
PsbO-1 encoding transgene in the kanamycin-resistant plant lines was confirmed by PCR using 
the construct specific primer Hisprimer and PsbO-1R813. All of the plants that exhibited the 
kanamycin-resistant phenotype also exhibited the presence of the predicted 470 bp PCR 
amplification product, which was absent in the wild type plants and psbo1 mutant plants (data 
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not shown). Individual kanamycin-resistant plants were screened at the protein level for the 
presence of the six-histidine region by “Western” blotting. In brief, two leaves from each 
kanamycin-resistant plant were used for a small-scale thylakoid preparation. Thylakoid washing 
was omitted and the thylakoid pellet proteins were was tested directly for the presence of His6-
tagged PsbO-1 protein after LDS-PAGE and “Western” blotting using an anti-histidine 
monoclonal antibody (Invitrogen, USA).  
Semi-quantitative RT-PCR Analysis 
  Total RNA was extracted from 100 mg of fresh rosette leaves using RNeasy Plant Mini 
Kit (Qiagen Sciences, USA) according to the manufacture’s instruction, followed by on-column 
DNase I treatment to remove any residual genomic DNA contamination. The transcript levels in 
four-week old plants were examined by semi-quantitative RT-PCR using the transgenic gene-
specific primers and the ProtoScript II RT-PCR Kit (NEB, USA) according to the manufacturer’s 
instructions. The primers used were the Hisprimer and PsbO-1R813. The RT-PCR amplification 
was carried as 60 min at 42°C, 4 min at 94°C, 25 cycles (94°C for 30 s, 58°C for 30 s and 72°C 
for 45 s), followed by a final extension at 72°C for 10 min. The RT-PCR reactions were repeated 
twice with identical results being obtained. The expression level of plastocyanin was used as an 
internal control using the primers PC-F and PC-R. 
Immunological Characterization of Thylakoid Proteins 
  For a more in-depth analysis of the protein complement of the thylakoid membranes, 
chloroplasts were isolated from wild type, the psbo1 mutant and two plant lines that expressed 
different levels of the His6-tagged PsbO-1 protein. These latter two plant lines were designated 
psbo1-C and psbo1-M and expressed high and intermediate amounts of the His6-tagged PsbO-1 
protein, respectively. Leaves were ground in a glass homogenizer with a chloroplast isolation 
buffer (100 mM sucrose, 200 mM NaCl, 5 mM MgCl2, 50 mM sodium potassium phosphate 
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buffer, pH 7.4.), the homogenate was then passed through two layers of Miracloth (Calbiochem 
USA), and the chloroplasts were precipitated by centrifugation at 6,000 x g for 5 min. The 
thylakoids were washed once with/and resuspended in 300 mM sucrose, 15 mM NaCl, 10 mM 
MgCl2, and 50 mM MES-NaOH, pH 6.0, and the chlorophyll concentration was determined by 
the method of Arnon (Arnon 1949).  LDS-PAGE was performed on a 12.5–20% gradient gel 
with 5 g of chlorophyll being loaded per lane. “Western” blotting, blocking, and probing with 
primary and secondary antibodies were as described previously (Yi et al. 2005). For detection of 
the immobilized antibodies, a chemiluminescent substrate (SuperSignal WestPico 
chemiluminescent substrate, Pierce, USA) was used, and the blots were exposed to x-ray film. 
After development, the x-ray films were scanned with a UMax PowerLook III scanner at 300-dpi 
resolution and an 8-bit color depth. 
Fluorescence Experiments  
  Fluorescence induction was monitored with a Photon Systems Instruments (PSI, Czech 
Republic) FL3000 dual modulation kinetic fluorometer (commercial version of the instrument 
described by Nedbal et al (1999). Both measuring and saturating flashes were provided by 
computer-controlled photodiode arrays. The flash profile exhibited a square shape for the low 
power measuring flashes and only deviated 5% from an ideal square shape for the saturating 
actinic flashes. For all of the fluorescence experiments, single leaves from wild type and the 
various mutant strains were excised and dark-incubated for 5 min before initiation of the 
experiments. Data were collected in a logarithmic time series between 1 ms and 4s or between 10 
s and 1s after the onset of strong actinic light for the PS II closure kinetics analysis (Antal and 
Rubin 2008). In the flash fluorescence induction experiments, the kinetics of the rapid 
fluorescence rise following a single saturating flash delivered by light-emitting diodes were 
examined for 50 μs with a time resolution of 1 μs in the presence of DCMU. Data were collected 
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at a frequency of 10 MHz with 12 bit resolution. The proportions of PS IIα and PS IIβ centers 
were calculated using proprietary PSI software (Nedbal et al. 1999). In the fluorescence decay 
experiments, the kinetics of the transfer of an electron between QA
-
 and QB were examined in the 
absence of DCMU, while the recombination reactions of QA
-
 with PS II donor-side components 
were examined in the presence of DCMU. For these experiments, data were collected between 
150 μs and 60 s following a single saturating flash. These data were analyzed using the equations 
outlined in ref (Reifarth et al. 1997).  In this mathematical treatment, three exponential decay 
components and a long-lived (essentially non-decaying) residual component were included. In 
the DCMU treatment experiments, the leaves were immersed in 40 μM DCMU and 0.1% Tween 
20 in water for 30 min prior to performance of the fluorescence experiments. The leaves were 
dark-adapted for at least 5 min prior to the onset of all fluorescence measurements. Data were 
analyzed using Origin version 6.1 and proprietary software provided by Photon Systems 
Instruments. 
Results and Discussion 
Screening and Selection of Transgenic Plant Lines for This Study 
  Figure 3.1 shows the cartoon of His6-tagged PsbO-1 protein routing process of 
expression and posttranslational targeting into the thylakoid lumen. In this study, we used the 
native promoter of the psbO-1 gene to drive the expression of the His6-tagged psbO-1 gene 
instead of using the 35S CaMV promoter that is often used in plant studies.  Regulatory element 
analysis of the psbO-1 gene promoter (Dasgupta et al. 2005) indicated that downstream gene 
expression is light-dependent and organ-specific. The promoter used in this study includes 
several conserved domains, including the GT1, I, and G boxes, which are light-regulatory 
elements (Dasgupta et al. 2005).  Such a combination is hypothesized to integrate light and 
developmental signals to modulate the promoter activity.  The His6-tagged PSBO-1 gene under 
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the control of its native promoter as used in this study should, in principal, mimic the in vivo 
expression of the native PSBO-1 gene and minimize any side effects of transgene expression in 
other tissues.  
 
Figure 3.1 Novel Universal Ti Plasmid Based Vector (pHMINTER) for His6-protein 
Targeting into Plant Thylakoid Lumen. The top row shows the transgenic cassette integrated 
in the host genome. After transcription and translation in nuclear and cytosol respectively, His6-
tagged protein is imported via cpSec pathway into the chloroplast stroma where first presequence 
is removed by a specific stromal processing peptidase (SPP). The cleavable second presequece 
signals translocation machinery in the thylakoid lumen for importing and probably cleavage of 
itself by thylakoid processing peptidase (TPP).  
              The presence of the His6-tagged PSBO-1 gene with its native promoter from kanamycin-
resistant plants was confirmed by PCR
 
amplification of the PSBO-1 gene promoter region and 
NOS region from pBI121.
 
All of the plants that exhibited kanamycin resistance also exhibited the 
expected 1.3 Kb PCR amplification product.  To screen individual transgenic plants for the 
presence of the six introduced histidyl residues at the N- terminus of the PsbO-1 protein, 
“Western” blot analysis using an anti-His6 monoclonal antibody (Invitrogen, USA) and a 
polyclonal antibody that
 
recognizes both the PsbO-1 and PsbO-2 proteins. Our results indicated 
that all of the plants that exhibited kanamycin-resistance showed the presence of a His6-tagged 
protein at about 35 kDa which cross-reacted with the anti-PsbO antibody (data not shown).  As 
expected, individual
 
transgenic plants exhibited different degrees of expression of the His6-
tagged PsbO-1 protein. Several plant lines with different expression levels of the His6-tagged 
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PsbO-1 were chosen for the production of homozygous plant lines.  After four generations, two 
homozygous plant lines were selected for use in this study and are designated as psbo1-M (about 
30% protein expression level of wild type) and psbo1-C (about 100% protein expression level of 
wild type). 
 
                             Wild Type                  psbo1            psbo1-M               psbo1-C 
 
Figure 3.2 Growth Phenotype of Wild Type, psbo1, psbo1-M and psbo1-C Plants. All plants 




 of white light with 8 hour light and 16 hour dark 
light scheme (6 week plants).  
              The growth phenotype of these plants along with wild type and the psbo1 mutant plants 
is shown in Figure 3.2. Protein component analysis of the thylakoid membranes is showed in 
Figure 3.3 (PsbO proteins are labeled). The psbo1 mutant plants grow quite slowly when 
compared to wild type and are distinctly more pale green in color.  The psbo1-M plants grow 
more rapidly than does the psbo1 mutant but not as rapidly as either wild type or the psbo1-C 
plants.  The psbo1-C plants grow nearly as well as wild type being only slightly smaller and 
slightly less green.   Consequently, it appears that the growth phenotype of these plants parallels 
the accumulation of the PsbO-1 protein.  
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Increased Expression of the His6-tagged PsbO-1 Protein Leads to Decreased 
Accumulation of the PsbO-2 Protein in Thylakoid Lumen and Increased 
Levels of Other PS II
 
Components 
  Figure 3.3 illustrates the results of PCR experiments performed on wild type, the psbo1 
mutant and the psbo1-M and psbo1-C plants using the transgene-specific primers Hisprimer and 
psbO1R813.  In row 1, amplification of genomic DNA isolated from the leaves of the different 
plant lines indicates that the transgene is present in the psbo1-M and psbo1-C plants but, as 
expected, absent in wild type and the psbo1 mutant plants.   In row 2, amplification of reverse 
transcribed mRNA isolated from the leaves of these plants is shown.  Again, no amplification 
product was obtained from wild type or the psbo1 mutant plants.  An amplification product was 
observed in both the psbo1-M and psbo1-C plants with the apparent transcription level in the 
psbo1-C plant being higher than that observed in the psbo1-M plant.  This result indicates that 
the His6-tagged psbO-1 transgene is transcribed in the leaves of the psbo1-M and psbo1-C plants. 
Figure 3.4 illustrates the accumulation of the different PsbO proteins in the chloroplasts of the 
wild type and mutant plants.  In the left hand panel, Coomassie Blue staining of proteins in the 
vicinity of the PsbO components is shown.  In wild type, both of the PsbO-1 and PsbO-2 proteins 
were observed.   
  As previously reported (Murakami et al. 2002), significantly more PsbO-1 protein was 
present than PsbO-2 protein.  In the psbo1 mutant, no PsbO-1 protein was observed.  The PsbO-2 
protein was present and accumulated to higher levels than that observed in wild type plants.  In 
both the psbo1-M and psbo1-C plants, no PsbO-1 protein was observed at its normal location.  
However a new protein band was observed at about 35 kDa, with more of this component being 
observed in the psbo1-C plant than in the psbo1-M plant.  This new protein band was identified 
immunologically in the “Western” blots shown in the right hand panel of Figure 3.4. Using the 




Figure 3.3 PCR and RT-PCR Analysis of Genomic DNA and RNA Isolated from Wild 
Type, the psbo1 Mutant, and the Transgenic Plants psbo1-M and psbo1-C. His6-tag specific 
primer (Hisprimer Table 3.1) and psbO1R813 was used for the confirmation of the presence of 
His6-tagged PsbO-1 transgene in the genome of plants (first row). RT-PCR results of the 
transgene expression using Hisprimer and psbO1R813 (second row). Plastocyanin (PC) was used 
as a control of RT-PCR (third row).  
However, in the two transgenic plant lines a protein band was observed at about 35 kDa, at the 
same position as the new band observed in the Coomassie blue stained gel.  The band present in 
the psbo1-C plant was stronger than that observed in the in the psbo1-M plant.  This result 
indicates that a His6-tagged protein is present in the both of the transgenic plant lines.  When 
probed with the anti-PsbO antibody the normal pattern of PsbO expression was observed for wild 
type and the psbo1 mutant plants.  Wild type contained both the PsbO-1 and PsbO-2proteins 
while the psbo1 mutant contained only the PsbO-2 component. Additionally, more of the PsbO-2 
protein was present in the psbo1 mutant than in wild type.  Both transgenic plant lines contained 
the PsbO-2 protein and lacked the PsbO-1 protein at its normal location.  However, at the same 
location of the His6-tagged protein, a new protein band appears which reacted with the anti-PsbO 
antibody. The band present in the psbo1-C plant was stronger than that observed in the in the 
psbo1-M plant.  Interestingly, as the amount of this protein band increased, the amount of the 
PsbO-2 protein decreased. These data constitute strong evidence that the His6-tagged PsbO-1 
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protein encoded by the transgene is expressed, processed and located in chloroplasts of the 
transgenic plants. 
 
Figure 3.4 Analysis of the PsbO Proteins Present in the Thylakoids of Wild Type, the psbo1 
Mutant, and the Transgenic Plants psbo1-M and psbo1-C. Coomassie Blue staining of the 28- 
40 kDa region (left panel, 10 μg of Chl loaded per lane). The locations of PsbO-1, PsbO-2 and 
putative His6-tagged PsbO-1 are shown to the right. Immunodetection of the PsbO proteins (left 
panel, 5 μg of Chl loaded per lane). Upper lanes were probed with an anti-His6 monoclonal 
antibody while the lower lanes were probed with an anti-PsbO polyclonal reagent. The locations 
of PsbO-1, PsbO-2 and putative His6 tagged PsbO-1 are shown to the indicated. 
  To determine if the expression of
 
the His6-tagged PsbO-1 protein leads to alterations in 
the amounts of other PS II components present in the thylakoids, additional immunological
 
analyses were performed. The relative amounts
 
of some selected PS II components and control 
proteins were analyzed
 
in thylakoid preparations of wild type, psbo1, psbo1-M, and psbo1-C 
(Figure 3.5). Four proteins
 
that are present in the intrinsic core of PS II, CP47, CP43,
 
D1 and D2 
were examined. The amounts (on a chlorophyll basis) of all of these proteins were decreased in 
the psbo1 mutant when compared to wild type.   In the psbo1-M and psbo1-C plants, the amounts 
of these proteins increased in parallel with the amount of the His6-tagged PsbO-1 protein which 
accumulated.  In the psbo1-C plant, the amounts of all of these components were near wild-type 





PS II reaction center components in both Chlamydomonas (Mayfield et al. 1987) and 
Arabidopsis (Yi et al. 2005) mutants.  Additionally, our observations confirm and extend earlier 
results obtained with the psbo1 mutant (Murakami et al. 2005). 
  In addition to the intrinsic PS II core components, the expression
 
of the PsbP and PsbQ 
extrinsic proteins, which are associated with the oxygen-evolving complex, were also examined. 
In these plants, two immuno-reactive bands were observed to be labeled with the
 
anti-PsbP 
antibody (Yi et al. 2007). The PsbP expression pattern of wild type and the psbo1 is generally 
consistent with that previously reported (Murakami et al. 2002). Close inspection of the PsbP 
band in the transgenic plants indicates that slightly less PsbP protein accumulated in the psbo1-C 
plant than the other plants examined. The reason for this is unclear at this time.  In reconstitution 
experiments with PS II membrane preparations, the PsbO protein appeared to be required for the 
binding of the PsbP protein and the PsbQ proteins (Andersson et al. 1984; Kavelaki and 
Ghanotakis 1991). It is possible that the exposed N-terminal modification of PsbO protein may 
slightly affect a domain that is involved in the binding of the PsbP protein. More interestingly, 
the PsbQ protein is apparently over-accumulates in psbo1-M and psbo1-C plants, exceeding wild 
type (and the psbo1 mutant) levels. It has been shown that decreased expression of the PsbO 
proteins in Arabidopsis led to a dramatic decrease of the PsbQ protein (Yi et al. 2005). In 
Chlamydomonas, however, the complete loss of the PsbO protein did not lead to any
 
observable 
change in the expression of the 17-kDa protein. The elevated level of the PsbQ protein observed 
here was quite unexpected. It
 
is unclear at this time whether or not the up-regulation of the PsbQ 
protein
 
in Arabidopsis was due to the presence of the His6-tagged PsbO-1 protein.  
              It should be noted that only a proportion of the extrinsic proteins present in thylakoid 
membranes are functionally associated with the PS II complex, some exist in an unassembled 
state within a thylakoid lumen pool (Ettinger and Theg 1991).  Consequently, it is unclear at this 
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time if the apparent increase in the level of the PsbQ component represents protein functionally 
associated with the photosystem (which we view as unlikely) or the accumulation of free PsbQ 
protein in the luminal compartment of the thylakoids.  
 
Figure 3.5 Immunodetection of Major PS II Components and Two Other     
Components Involved in the Electron Transport in Chloroplasts.  Gel electrophoresis, 
“Western” blotting and immunodetection were performed as described in Materials and 
Methods. 5 μg of Chl was loaded per lane. 
  In addition to these intrinsic and extrinsic components of PS II, we also examined Cyt f, 
a component of the cytochrome b6/f complex, and PsaB, a reaction center component of PS I.  
Interestingly, these two proteins appeared to be differentially regulated in the plants we 
examined.  PsaB was down-regulated in the psbo1 mutant, but appeared in increasing amounts in 
the two transgenic plant lines, with more protein being detected in psbo1-C than in psbo1-M. 
Cytf, however, was up-regulated in the psbo1 mutant, but appeared in decreasing amounts in the 
two transgenic plant lines, with less protein being detected in psbo1-C than in psbo1-M. Earlier, 
we obtained a similar, although more extreme result, when examining a phenotypic series of 
plants which expressed variable amounts of the PsbO protein (Yi et al. 2005). In that study, 
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decreasing amounts of the PsbO proteins led to a near complete loss of the PsaB component. Re-
examination of the immunoblots from that study also indicated that Cyt f appeared to increase 
upon loss of the PsbO proteins and the concomitant loss of assembled PS II. The mechanism(s) 
leading to the differential expression of these other thylakoid membrane protein complexes upon 
decreased assembly of PS II are not understood at this time.   
Chlorophyll a Fluorescence Induction 
  Figure 3.6 shows the chlorophyll a fluorescence rise observed in leaves of the wild type, 
the psbo1 mutant, psbo1-M, and psbo1-C plants. Using a logarithmic timing series, polyphasic 
fluorescence rise exhibits the typical OJIP transients. Qualitatively, the psbo1 mutant exhibits 
higher fluorescence yield than wild type over the entire time course of the fluorescence curve. 
The fluorescence curves of the psbo1-M and psbo1-C plants lie between those of wild type and 
the psbo1 mutant with the psbo1-C plant being nearly indistinguishable from wild type. 
 
Figure 3.6 Chlorophyll a Fluorescence Induction of Wild Type, the psbo1 Mutant and the 
Transgenic Plants under Continuous Illumination. Symbols: ■, wild type; ●, psbo1 mutant; 
▲, psbo1-M; and, ▼, psbo1-C.  n = 3-5; error bars, ± 1.0 s.d.; in some instances the error bars 
are smaller than the symbols.  
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              Quantitative evaluation of PS II closure kinetics from the wild type and mutants were 
evaluated on the basis of a multi-exponential analysis of the OJIP fluorescence rise transients 
(Antal and Rubin 2008).  The equations used in this treatment were mathematically derived from 
the non-linear relationship between fluorescence quantum yield and the fraction of PS II in a 
closed state (Antal and Rubin 2008). The amplitudes and lifetimes of the OJ, JI, and IP 
components shown in Table 3.2 were used to estimate the overall rate constants of the reactions 
are shown in Table 3.3.  
  The initial OJ transition constitutes the photochemical phase of the chlorophyll a 
fluorescence rise and can be ascribed to the double reduction of QB under conditions when PQ 
pool still remains in an oxidized state. PS II closure kinetics during this phase is determined by 
the equilibrium between reduction and reoxidation of QB.  In our experiment, the k1 and k2 rate 




, respectively, while in the psbo1 mutant k1 and k2 were 2,470 
and 1,340 s
-1
, respectively.  The rate constants obtained for wild type are in good agreement with 
those previously reported in the literature (Antal and Rubin 2008; Lazar 2006).  The rate constant 
k1 is higher in reaction centers with compromised electron transport between QA and QB, as this 
rate constant reflects the rate of QA reduction. This was observed in the psbo1 plant.  Its higher k1 
is consistent with our earlier observation of defective electron transport from QA
-
 to QB (Liu et al. 
2007) in this mutant. In the psbo1-M and psbo1-C plants, as shown in Table 3.3, k1 was observed 
to decrease to the wild type value with increasing accumulation of the His6-tagged PsbO-1 
protein. This indicates that the N-terminal His6-tagged PsbO-1 protein can act as normal PsbO-1 
protein in restoring impaired electron transport between QA and QB in the psbo1 mutant 
background.     
  The JI transition is ascribed to the first phase of PQ pool reduction during which 
electron transport from the PQ pool to the Cyt b6/f complex is maximal (Antal and Rubin 2008). 
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The k3 and k4 value can be derived from this transition.  In wild type, k3 and k4 are 86 s
-1
 and 64 
s
-1
, respectively. The higher k3 value as compared to k4 is expected since the value of k4 in plants 
growing under optimal conditions is limited by the linear electron flow resulting from PQH2 
             Table 3.2 Time Constants and Amplitudes of OJ, JI and IP Components in 
            PS II Closure Kinetics in the Absence of DCMU 
 














 4.03±1.50 18.9±2.9 40.2±7.4 
psbo1-M 57.4±0.9 0.34±0.01 22.2±1.0 5.02±0.69 20.6±1.7 35.7±1.5 
psbo1-C 55.4±0.5 0.45±0.06 27.8±1.5 7.61±0.19 16.9±0.8 37.3±1.9 
                a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 
p < 0.01 (Student’s t-test) 
 
oxidation by the Cyt b6/f complex (Haehnel 1984). Antal and Rubin (2008) observed that k3 and 
k4 were 127 and 176 s
-1
, respectively. They interpreted that the overestimation of k4 may result 
either from changes in the fluorescence yield induced by photoelectric trans-thylakoid potential, 
or from the partially reduced state in dark adapted C. reinhardtii. Interestingly, a higher k4 value 
(130 s
-1
) than that for k3, (118 s
-1
) was observed in our psbo1 mutant plant, which may indicate k4 
is not a limiting factor in the mutant. Our interpretation is that due to the defective PS II at both 
oxidizing-side and reducing-side, Cyt b6/f  complex is always open for reduction or  that the Cyt 
b6/f complex components expression levels are up-regulated in some manner to maximize cyclic 
electron transport to produce more ATP but not NADPH and compensate for defective linear 
electron transport.  Our “Western” blot results in Figure 3.5 (page 58) demonstrate that in the 
psbo1 mutant, Cyt f subunit was up-regulated comparing to wild type and thus provide evidence 
to support this hypothesis. In the psbo1-M and psbo1-C plants increased levels of the His6-tagged 
PsbO-1 protein led to the elevated Cyt f levels drop to that observed in wild type level. The IP 
phase reflects the further decreased reduction of the PQ pool due to the establishment of reduced 
electron carriers beyond Cyt b6/f. The rate constant k5 is related to overall reduction of 
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intermediates between Cyt b6/f and FNR. As we see in Table 3.3, k5 values from all the plants 
studied in this chapter were not significantly changed. Usually, reduced electron inflow to PSI 
due to the low electron transport in PQ pool leads to the decreased k5. In our study, the small 
decrease of k5 observed in psbo1can be increased to wild type level in the psbo1-M and psbo1-C 
plants, in line with the increased level of PsaB component in PS I (Figure 3.5 last row).    
                        Table 3.3 Photosynthetic Parameters Evaluated from Simulation of  














WT 1,160 730 85 64 28 0.79±.01
b,c
 
psbo1 2,470 1,340 118 130 25 0.58±.04
c
 
psbo1-M 1,710 1,260 104 95 28 0.75±.03 
psbo1-C 1,220 980 82 49 27 0.78±.01 
                                   a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 
p < 0.01 (Student’s t-test) 
Flash Fluorescence Induction  
  Figure 3.7 shows the flash-induced fluorescence induction with a 1 μs time resolution in 
the presence of DCMU. In this experiment, electron transfer between QA
-
 and QB is abolished by 
the presence of DCMU. The observed fluorescence rise is the result of the re-reduction by the 
oxygen-evolving complex of YZ, which is in equilibrium with the primary electron donor P680
+
 
(Robinson and Crofts 1987). The shape of this fluorescence rise contains information bearing on 
the amount of PS IIα and PS IIβ reaction centers present in the sample.  Exponential fluorescence 
rise kinetics indicate that the antennae of individual PS II reaction centers are not coupled (i.e., a 
characteristic of PS IIβ centers), while sigmoidal fluorescence rise kinetics indicate a high degree 
of interconnectivity between the antennae of PS II reaction centers (i.e., a characteristic of PS IIα 
centers) (Lavergne and Trissl 1995).  This is true under conditions of both continuous relatively 
weak light illumination (slow fluorescence induction) and single saturating flash conditions (fast 
fluorescence induction) as demonstrated by Nedbal et al. (1999). In addition to the differences 
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noted above, PS IIβ centers have a smaller antenna size, are enriched in chlorophyll a, and are 
depleted of the light-harvesting chlorophyll proteins. They appear to be principally located in the 
stroma thylakoid membranes (Lavergne and Briantais 1996) and at the granal margins 
(Wollenberger et al. 1994). Additionally, PS IIβ centers appear to be defective in their ability to 
transfer electrons from QA
-
 to QB (Wollenberger et al. 1994). 
  Qualitative examination of Figure 3.7 indicated that, as previously reported (Liu et al. 
2007), wild type plants exhibited a more sigmoidal fluorescence rise while the psbo1 mutant 
exhibited a more exponential fluorescence rise.  The two transgenic plants exhibited fluorescence 
rise kinetics which was intermediate between these two extremes. The psbo1-C plant exhibited a 
fluorescence rise which was nearly indistinguishable from that of wild type while the 
fluorescence rise of the psbo1-M plant was quite similar to that of the psbo1 mutant. 
 
 
Figure 3.7 PS II Antenna Heterogeneity Analyses by Fast Fluorescence Induction in the 
Presence of DCMU. Symbols: ■, wild type; ●, psbo1 mutant; ▲, psbo1-M; and, ▼, psbo1-C.  
n = 3-5; error bars, ± 1.0 s.d.; in some instances the error bars are smaller than the symbols. 
Fitting results are shown in Table 3.4. 
              Quantitative analysis of these flash fluorescence rise curves allows the determination of 
the relative proportions of PS IIα and PS IIβ reaction centers present in these plant lines. (Nedbal 
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et al. 1999).  This analysis is presented in Table 3.4. In wild type, we find the PS IIα /PS IIβ ratio 
to be 2.59, in line with values obtained in other investigations (Nedbal et al. 1999; Lavergne and 
Briantais 1996; Wollenberger et al. 1994; Melis 1991; Melis and Homann 1976). In the psbo1 
                         Table 3.4 PS II Antenna Heterogeneity Analysis from WT, psbo1,   
                        psbo1-M, and psbo1-C    
Strains
a











psbo1-M ND ND ND 
psbo1-C 75.8±6.6 24.2±6.6 3.13 
                                        a
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c
p < 0.01 (Student’s t-test) 
mutant, however, there is a marked enrichment of PS IIβ centers, with the PS IIα/PS IIβ ratio 
falling to 0.36, which is consistent with our earlier report (Liu et al. 2007). In the psbo1-C 
transgenic plant the PS IIα/PS IIβ ratio is 3.12, within the range observed in the wild type plant. 
The increased PS IIα/PS IIβ ratio indicates that accumulation of the His6-tagged PsbO-1 protein 
leads to a decreased amount of PS II reaction centers. The high proportion of PS IIβ centers 
which we observe in the psbo1 mutant may indicate an increased rate of photoinhibition, and 
thus increased rate of D1 turnover of PS II since conditions which increase the rate of 
photoinactivation also lead to increases in the amount of PS IIβ centers observed (Melis 1991). 
This hypothesis was further supported by a recent study using the T-DNA mutants psbo1 and 
psbo2, which lack the PsbO-1 and PsbO-2 proteins, respectively.  In this study, the psbo1 mutant 
was observed to be very susceptible to photoinhibition (Lundin et al. 2007).  
Fluorescence Decay Kinetics  
  Additional information concerning the electron transfer characteristics on both the 
reducing and oxidizing sides of the photosystem in these plant lines was obtained by examining 
QA
-
 reoxidation kinetics in either the absence or the presence of DCMU. These results are shown 
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in Figure 3.8 and Figure 3.9, respectively.  In Figure 3.8 the fluorescence decay kinetics of wild 
type, psbo1, psbo1-M, and psbo1-C in the absence of DCMU are shown.   
 
Figure 3.8 Chlorophyll Fluorescence Decay Following a Single Saturating Flash in Wild 
Type, the psbo1 Mutant and the Transgenic Plants in the Absence of DCMU. Symbols: ■, 
wild type; ●, psbo1 mutant; ▲, psbo1-M; and, ▼, psbo1-C.  n = 3-5; error bars, ± 1.0 s.d.; in 
some instances the error bars are smaller than the symbols. 
  In the absence of DCMU, the fluorescence decay is dominated by electron transfer 
events that occur on the reducing-side of the photosystem. Qualitatively, the psbo1 mutant 
appears to exhibit somewhat slower fluorescence decay than wild type over the entire time 
regime examined.  The psbo1-M and psbo1-C transgenic plants exhibit intermediate decay 
curves, with that of the psbo1-C plant’s being nearly indistinguishable from wild type.   
Quantitatively, the fluorescence decay after a single saturating flash can be resolved into three 
exponential components (Reifarth et al. 1997). It should be noted that alternative models 
containing two exponential decay components and a hyperbolic component (Allahverdiyeva et 
al. 2004), or only two exponential decay components, failed to adequately fit the data. The 
fastest and dominant exponential decay component observed in wild type is related to the 
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transfer of an electron from QA
-
 to QB (195 μs, 47.1%) (Table 3.5). The middle exponential 
decay component (1.02 ms, 29%) is associated with transfer of an electron from QA
-
 to QB in 
reaction centers which have to bind plastoquinone to the QB site before QA
-
 oxidation can occur. 
The slowest decay component (498 ms, 17.5%) is related to a fraction of the fluorescence yield 
(~7%) is very long-lived and may result from the equilibrium between QA
-
 and QB (Robinson 
and Crofts 1983). In the psbo1 mutant, the time constant for the fast phase modestly increased 
from 195 to 324 μs. This indicates that electron transport from QA
-
 to QB is slowed in the mutant. 
Additionally, the time constant for the middle exponential decay component increased from 1.02 
to 2.6 ms in the mutant. This increase may be related to the large proportion of PS IIβ reaction 
centers present in the mutant. PS IIβ reaction centers are localized principally in the stoma 
thylakoid membranes. Since the stoma membranes are deficient in photochemically reducible 
plastoquinone (Melis and Brown 1980), the binding of free plastoquinone to the QB site would be 
expected to be slowed in the psbo1 mutant. The time constant for the slow decay component 
increased slightly from 498 to 648 ms which was not significant. Finally, the residual amplitude 
(for the decay component(s) with a τ >10 s) also increased significantly, perhaps indicating a 
change in the QA
-
QB equilibrium.  
      Table 3.5 QA
-
 Reoxidation Kinetics in the Absence of DCMU from WT, psbo1,   



























psbo1-M 278±25/53.5±0.7 1.96±0.46/21.7±0.5 595±39/16.7±0.6 7.9±0.7 
psbo1-C 213±29/48.5±4.3 1.24±0.28/27.2±4 494±73/17.2±0.5 7.3±0.3 
          a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 
p < 0.01 (Student’s t-test) 
 
              Overall, these results indicate that the principal modification on the reducing side of the 
photosystem observed in the mutant, the increase in the time constant for the middle exponential 
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decay component, can be explained by the high proportion of PS IIβ centers present in the 
mutant.  These results are quite congruent with our earlier findings on wild type and the psbo1 
mutant (Liu et al. 2007).  In the transgenic plants, the alterations observed in the QA
-
 reoxidation 
kinetics in the psbo1 mutant in the absence of DCMU were reversed as the amount of the His6-
tagged PsbO-1 protein increased.  All values for the psbo1-C plant, which contained wild type 
levels of the PsbO-1 protein were statistically indistinguishable from wild type.  The psbo1-M 
plant, which accumulated an intermediate amount of the His6-tagged PsbO-1 protein, exhibited 
decay component values which were between wild type and the psbo1mutant values.  These 
results indicate that the His6-tagged PsbO-1 protein functionally complemented the defects 
observed on the reducing-side of the psbo1 mutant.  
              In the presence of DCMU, which prevents the transfer of an electron from QA
-
 to QB, 
the decay of fluorescence following a saturating flash is dominated by charge recombination 
between QA
-
 and the oxidizing-side components of the photosystem. Figure 3.9 illustrates the 
fluorescence decay kinetics of wild type, and the psbo1 mutant, psbo1-M, and the psbo1-C 
transgenic plants in the presence of DCMU.  Qualitatively, the psbo1 mutant appears to exhibit 
slower fluorescence decay than wild type over the entire time regime examined.  The psbo1-M 
and psbo1-C transgenic plants exhibit intermediate decay curves, with that of the psbo1-C plant’s 
being nearly indistinguishable from wild type.  The observed fluorescence decay curves were fit 
to the same model described above (Reifarth et al. 1997). As reported earlier (Liu et al. 2007), 
significant alterations were observed in the mutant. In Table 3.6 the kinetic parameters 
associated with the observed fluorescence decay in the presence of DCMU are presented. The 
fastest decaying component observed in wild type exhibited a time constant of 77 s and is 
attributed to a small fraction of PS II reaction centers (6.1%) that lacks a functional manganese 
cluster (Weiss and Renger 1984) in which QA
-
 recombines with oxidized YZ. The slowest decay 
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component observed for wild type exhibited a time constant of 1.19 s and is attributed to charge 
recombination between QA
-
 and the S2, and possibly the S3, states (Debus 1992). The origin of 
the intermediate decay component observed in wild type (274 ms) is unclear. In the psbo1 
mutant the fastest decaying component exhibited a time constant of 4.8 s. The origin of this 
extremely rapid decaying component is unclear at this time.  The slowest decay component was 
observed to have a time constant of 2.47 s, and its amplitude increased from 45.7% in wild type 
to 59%. This result indicates that the S2 state and possibly the S3 state are more stable in the 
psbo1 mutant than in wild type. This is supported by our earlier flash oxygen yield analysis (Liu 
et al. 2007; Bricker and Frankel 2008). Little change was observed for the time constant of the 
intermediate decay component, although its amplitude decreased from 46.3% in wild type to 
26.3% in the mutant. The residual decay component (τ > 10 s) increased nearly 8-fold in 
amplitude. These results are also quite similar to our earlier findings on wild type and the psbo1 
mutant (Liu et al. 2007).    
 
Figure 3.9 Chlorophyll Fluorescence Decay Following a Single Saturating Flash in Wild 
Type, the psbo1 Mutant and the Transgenic Plants in the Presence of DCMU. Symbols: ■, 
wild type; ●, psbo1 mutant; ▲, psbo1-M; and, ▼, psbo1-C.  n = 3-5; error bars, ± 1.0 s.d.; in 
some instances the error bars are smaller than the symbols 
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  In the transgenic plants, most of the alterations observed in the QA
-
 reoxidation kinetics 
in the psbo1 mutant in the presence of DCMU were reversed as the amount of the His6-tagged 
PsbO-1 protein increased. The time constants of the fast and slow components of the decay in the 
psbo1-C plants were not significantly different from wild type values. The time constant of the 
intermediate component was higher in the psbo1-C plant than in wild type.  As noted above, 
however, the origin of this decay component is unclear.  Consequently, it is difficult to evaluate 
this difference with respect to the phenotype of the psbo1-C plant.  Some differences are also 
apparent in the amplitudes of the different kinetic phases.  The fast kinetic phase accounts for a 
higher proportion of the overall fluorescence decay in the psbo1-C plant than in wild type. 
Conversely, the amplitude of the slow kinetic phase accounts for a higher proportion of the 
overall fluorescence decay in wild type than in the psbo1-C plants.  Finally, the residual 
amplitude for decay component(s) with a rate constant(s) greater that 10 s is the same in both 
wild type and the psbo1-C plant. Generally, the psbo1-M plant, which accumulated an 
intermediate amount of the PsbO-1 protein, exhibited decay component values which were 
between wild type and psbo1 values. These results indicate that the His6-tagged PsbO-1 protein 
functionally complemented the majority of the defects observed on the oxidizing-side of the 
psbo1 mutant.  
      Table 3.6 QA
-
 Reoxidation Kinetics in the Presence of DCMU from WT, psbo1,  











































psbo1-M 17.4±7.3/4.1±3.1 342±12/34.2±2.7 2.54±0.06/51.8±2.1 9.2±1.0 
psbo1-C 131±21/18.1±3.9 531±75/51.6±3.5 1.91±0.39/28.2±6.0 1.8±0.8 
           a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 





              The psbo1 mutant exhibits significant defects in PS II photochemistry.  In this 
communication we provide evidence that an N-terminally His6-tagged PsbO-1 protein can 
complement the majority of these defects on both the reducing- and oxidizing sides of PS II.  
This is the first report demonstrating that a modified protein can functionally bind to PS II in 
higher plants. The engineered transformation vector pHMINTER can be generally used for 
introducing an N-terminal His6-tag onto proteins and provides the transit sequences targeting 
them into the thylakoid lumen.  Additionally, since the expression of the engineered protein is 
driven by the native PsbO promoter, expression levels and location more closely correspond to 
the native expression patterns of luminal proteins. 
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              Photosystem II (PS II) is one of the major membrane protein complexes of the 
chloroplast involved in photosynthesis. It functions as a light-driven, water plastoquinone 
oxidoreductase. The core subunits of PS II, CP47, CP43, the D1 protein, and the D2 proteins, are 
incorporated into the thylakoid membrane of the chloroplast and serve as a scaffold for the 
pigments and other cofactors required for absorption and use of photons to drive electron transfer 
from water to plastoquinone. The crystal structure of cyanobacterial PS II (Zouni et al. 2001; 
Kamiya and Shen 2003; Ferreira et al. 2004; Kern et al. 2005; Loll et al. 2005) revealed that 
there are thirty-six chlorophyll a (Chla), 2 pheophytin a (Pheoa), 9±1 beta-carotene (Car), 
2.9±0.8 plastoquinone 9 (PQ9) and 3.8±0.5 Mn per monomeric active center. In vivo, PSII is 
organized as a homodimer.  
              The dimeric PS II core complexes of higher plants, algae and cyanobacteria seem to be 
structurally very similar (Hankamer et al. 2001a; Hankamer et al. 2001b). The D1 and D2 protein 
comprise the reaction center which binds the cofactors that facilitate the light-driven charge 
separation leading to water oxidation and the reduction of plastoquinone. Each of these 
components has five transmembrane helices and these two proteins are related to each other by a 
pseudo-2-fold axis of symmetry. The Chl-binding proteins CP43 and CP47 which flank the D1 
and D2 proteins each contain six transmembrane helices. CP43 and CP47 are also related to each 
other by the same pseudo-2-fold symmetry axis observed for the D1/D2 heterodimer. A number 
of intrinsic low molecular mass transmembrane proteins seem to surround these symmetrically 
related major subunits. Attached to the lumenal surface of PS II are the proteins associated with 
the oxygen-evolving complex (OEC). Higher resolution PS II crystal structures allows the 
assignment of amino acid side chains and modeling the water oxidation center (WOC) where the 
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water-splitting chemistry occurs in cyanobacteria (Ferreira et al. 2004; Loll et al. 2005). 
However, no such high-resolution information is available for higher plants or green algal PS II.   
              The major difference of the PS II complex between prokaryotes and eukaryotes are the 
extrinsic proteins (PsbO, PsbP, and PsbQ in higher plants) which appear to protect the Mn4Ca 
cluster from being directly exposed to the aqueous environment and are required for maximal 
rates of O2 evolution at physiological inorganic cofactor concentrations (Ghanotakis et al. 1984). 
Of these three proteins, the PsbO protein appears to play a central role in the stabilization of the 
manganese cluster and is essential for efficient and stable O2 evolution. Controversy still exists 
concerning the roles of residues located near the N-terminus in the binding of the PsbO protein to 
PS II (Eaton-Rye and Murata 1989; Odom and Bricker 1992; Seidler and Rutherford 1996;  
Qian et al. 1997; Popelkova et al. 2002).  
              It seems the controversy primarily stems from a discrepancy between in vitro 
recombinant protein reconstitutions carried out in higher plants and in vivo mutagenesis in 
cyanobacteria. The in vitro reconstitution studies demonstrated that an extension of the N-
terminus to its precursor form by retention of the transit peptide sequence yielded a protein with 
mixed functional properties. While binding specifically to the sites of PS II from which the 
mature protein activates high turnover rates of the OEC and produces long-term stability of this 
activity, prePsbO can also bind to PS II nonspecifically. It seems likely that the N-terminus of 
PsbO protein is exposed, and located on the surface of PS II, rather than buried either in the 
tertiary structure of PsbO protein or in an interface domain of PS II and the protein itself (Seidler 
1994; Qian et al. 1997; Popelkova et al. 2002). From the experiments described in Chapter 3, it 
was concluded that His6-tagged PsbO-1 protein can functionally complement the defective 
photochemistry of the psbo1 mutant and that the N-terminus is not involved in the function or 
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binding of the PsbO within PS II, at least with respect to the normal conditions found in the 
thylakoid lumen.  
              Isolation and purification of membrane protein complexes can be an inefficient and 
time-consuming process. Typically, the PS II core complex has been purified by use of sucrose-
density gradients after detergent solubilization, usually by β-D-dodecylmaltoside (Ghanotakis et 
al. 1987; Smith et al. 2002). Some success has also been experienced with purification by 
column chromatography, including the use of weak anion exchange and gel filtration 
(Ghanotakis et al. 1987). We have developed a new method of purifying the PS II core complex 
rapidly and with high yield by use of an epitope-tagging strategy. We chose to use the His6-tag, 
as it has previously been used to good result with the photosynthetic reaction center of purple 
bacteria (Goldsmith et al. 1996), cyanobacteria (Bricker et al. 1998), and PS II reaction center 
preparations from Chlamydomonas (Sugiura et al. 1998; Cullen et al. 2007).  All these systems 
are very useful tools for both the biochemical and the biophysical study of the oxygen evolving 
system. It should be noted that genetic operations of epitope tagging in all of the previous reports 
involved simple transformation of cyanobacteria (Goldsmith et al. 1996; Bricker et al. 1998) and 
chloroplast transformation of Chlamydomonas (Sugiura et al. 1998; Cullen et al. 2007). In the 
majority of these studies, intrinsic subunits of the PSII complex have been modified. In higher 
plants, epitope labeling of core subunits would be much more difficult due to the fact that all the 
intrinsic core subunits (D1, D2, CP47, and CP43) are encoded in chloroplast genome. In 
Arabidopsis, no method has been developed for efficient chloroplast transformation. 
              In this communication, we attempted to His6-tag one of the OEC subunits, the PsbO 
protein and used this labeled protein to facilitate PS II isolation from Arabidopsis. Our isolation 
of a PS II core complex from Arabidopsis should provide a new tool to study its biochemistry 
and biophysics.   
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Materials and Methods 
Plant Material and Growth Conditions       
              Surface-sterilized seeds of wild type A. thaliana (var. Columbia) and all the transgenic 
lines were germinated after cold treatment for 24 h at 4°C on solid MS medium (Murashige and 
Skoog 1962) containing 0.7% (w/v) agar. The seedlings were transferred to soil 10 days later and 




 of white light. Only fully expanded 
rosette leaves of 4-6 week-old plants were used for fluorescence analysis. Plants used for Ni-
NTA column isolation of PS II core complex were grown 8-12 weeks at same light intensity and 
temperature condition with 8 hours light and 16 hours dark scheme.  
Designing and Construction of His6-PsbO-1 Gene Transformation Vector with 
Its Native Promoter 
  The pBI121 plasmid was used as the initial shuttle host vector for molecular 
engineering. Three steps of molecular manipulation were required to obtain the final 
transformation vector. First, the 35S CMV promoter of pBI121 was replaced with the native 
psbO-1 gene promoter. A 680 bp psbO-1 gene promoter fragment was amplified by PCR using 
the primers OP68F (all of the PCR primers used in this study are summarized in Table 3.1) and 
OP681R using genomic wild type DNA as a template.  This DNA was isolated using DNeasy 
Plant Mini Kit (Qiagen Sciences, USA).  This fragment was then cut with HindIII and XbaI and 
inserted into pBI121 replacing the original CaMV promoter.  In the next step, six histidine 
codons were introduced between the DNA sequences that encode the second transit peptide and 
the mature PsbO-1 sequence. The psbO-1 gene clone was obtained from The Arabidopsis 
Biological Resource Center (ABRC) and used as the template for PCR.  First, a six histidine 
codon sequence was added to the 5’ end of the DNA sequence which encodes the mature PsbO-1 
protein using the PCR primers HisEGA1 and MSP-1-1133SspI.  Second, an AvaI restriction site 
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was included in primer HisEGA2 which also bears the eighteen base pair sequence encoding the 
six histidyl residues which was complementary to the bases in primer HisEGA1. The PCR 
product generated using primer HisEGA2 and primer MSP-1-1133SspI to amplify the DNA 
template obtained in the first step was cut with AvaI and then ligated with the restricted PCR 
product using the primer pair MSP-1-XbaI and MSP-1-344R-AvaI.  The final XbaI-SspI 
fragment was inserted into the XbaI and SmaI site of the original vector created in stage one. 
Finally, in the last step, the PCR product amplified using primers PsbO-1-SacIF and PsbO-1-
SacIR was cut with SacI. This fragment was placed in the vector from stage two.  The orientation 
of this insert was confirmed by PCR amplification with the Hisprimer and pBINOS7805 primers. 
The final insert sequence was confirmed by DNA sequencing using the appropriate sequencing 
primers. The final vector is named pHMINTER.  All of the molecular manipulations involving 
E. coli followed standard lab routine procedures.  The pHMINTER vector was introduced into 
Agrobacterium (strain GV3101) by the freeze-thaw method (Holsters et al. 1978).  
Arabidopsis Transformation and Screening 
              Flowering wild type plants were transformed by the floral dip method as described 
previously (Clough and Bent 1998) using the recommended Silwet L-77 concentration (0.05%). 
Harvested seeds were surface-sterilized with 50% ethyl alcohol and 0.5% Tween-20 for 3 min 
and then 70% ethyl alcohol for 3 min followed by washing three times with sterile water. Seeds 
were spread onto solid MS medium containing 0.7% agar, 50 mg/liter kanamycin, and 400 
mg/liter carbenicillin and then incubated for 2 days at 4 °C in the dark. Transgenic kanamycin-
resistant seedlings were transferred to soil as long as true leaves appeared. Four-weeks-old fully 
expanded leaves were used for protein screening analysis and genomic DNA analysis.  
The presence of the His6-tagged PsbO-1 encoding transgene in the kanamycin-resistant 
plant lines was confirmed by PCR using the construct specific primer Hisprimer and PsbO-
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1R813. All of the plants that exhibited the kanamycin-resistant phenotype also exhibited the 
presence of the predicted 470 bp PCR amplification product, which was absent in the wild type 
plants (data not shown). Individual kanamycin-resistant plants were screened at protein level for 
the presence of the His6 tag by “Western” blotting. In brief, two leaves from each kanamycin-
resistant plant were used for a small-scale thylakoid preparation. Thylakoid washing was omitted 
and the thylakoid pellet proteins were tested directly for the presence of His6-tagged PsbO-1 
protein after LDS-PAGE and “Western” blotting using an anti-histidine monoclonal antibody 
(Invitrogen, USA).  
Immunological Characterization of Thylakoid Proteins 
              For a more in-depth analysis of the protein complement of the thylakoid membranes, 
chloroplasts were isolated from wild type and transgenic lines. Several lines which expressed 
different levels of his6-tagged psbO-1 were used for “Western” blot analysis. Line WTHMSP1 
was chosen for homozygous production and fluorescence analysis. Briefly, leaves were ground 
in a glass homogenizer with a chloroplast isolation buffer (100 mM sucrose, 200 mM NaCl, 5 
mM MgCl2, 50 mM sodium potassium phosphate buffer, pH 7.4.), the homogenate was then 
passed through two layers of Miracloth® (Calbiochem USA), and the chloroplasts were pelleted 
by centrifugation at 6,000xg for 5 min. After washing thylakoid were then resuspended in a 
small amount of 300 mM sucrose, 15 mM NaCl, 10 mM MgCl2, and 50 mM MES-NaOH, pH 
6.0, and the Chl concentration was determined by the method of Arnon (1949). LDS-PAGE was 
performed on a 12.5–20% gradient gel with 5 μg of Chl loading/lane. “Western” blotting, 
blocking, and probing with primary and secondary antibodies were as described above. For 
detection of the immobilized antibodies, a chemiluminescent substrate (SuperSignal WestPico 




Fluorescence Experiments  
              Fluorescence induction was monitored with a Photon Systems Instruments (PSI, Czech 
Republic) FL3000 dual modulation kinetic fluorometer (commercial version of the instrument 
described in (Nedbal et al. 1999)). Both measuring and saturating flashes are provided by 
computer-controlled photodiode arrays. The flash profile exhibited a square shape for low power 
measuring flashes and only deviated 5% from an ideal square shape for saturating actinic flashes. 
For all of the fluorescence experiments, single leaves from wild type and psbo1 were excised and 
dark-incubated for 5 min before initiation of the experiments. In the standard fluorescence 
induction experiments (Kautsky experiments), data were collected in a logarithmic time series 
between 1 ms and 4s after the onset of strong actinic light. In the flash fluorescence induction 
experiments, the kinetics of the rapid fluorescence rise following a single saturating flash 
delivered by light-emitting diodes were examined for 50 μs with a time resolution of 1 μs in the 
presence of DCMU. Data were collected at a frequency of 10 MHz with 12 bit resolution. 
Proportions of PS IIα and PS IIβ centers were calculated using proprietary PSI software (Nedbal 
et al. 1999). In the fluorescence decay experiments, the kinetics of the transfer of an electron 
between QA
-
 and QB were examined in the absence of DCMU, while the recombination reactions 
of QA
-
 with PS II donor-side components were examined in the presence of DCMU. For these 
experiments, data were collected between 150 μs and 60 s following a single saturating flash. 
Data were analyzed using the equations outlined in ref (Reifarth et al. 1997). In this 
mathematical treatment, three exponential decay components and a long-lived (essentially 
nondecaying) residual component were included. In the DCMU treatment experiments, the 
leaves were immersed in 40 μM DCMU and 0.1% Tween 20 in water for 30 min prior to 
performance of the fluorescence experiments. Data were analyzed using Origin version 6.1 and 
proprietary software provided by Photon Systems Instruments. 
83 
 
Isolation of the PS II Core Complex 
              Thylakoid membranes prepared from the WTHMSP1 transgenic plant were harvested 
by centrifugation at 7,000 x g (Berthold et al. 1981), resuspended at 0.5 mg Chl ml
-1
 in buffer A 
(MES 50 mM, 25% glycerol, 15 mM NaCl. pH 6.0) and solubilized by addition of 1/10 volume 
of 10% dodecyl-β-D maltoside (DM) and 1/25 volume of 10% octylthiogalactoside (OTG) 
followed by gentle mixing for 30 min at 4°C. After centrifugation at 25,000g for 15 min at 4°C 
to remove unsolubilized material, 10 mg Chl of the supernatant were loaded onto a Ni-NTA 
(Sigma) column , which had been pre-equilibrated with buffer B (buffer A + 0.04% DM). The 
column was washed with 3 times column volumes of buffer C (25 mM HEPES-KOH, 100 mM 
NaCl, 25% glycerol, 0.04% DM, pH 7.5) at maximum flow rate followed by 3 times column 
volume buffer B at low speed. The His6-PS II core complex was eluted with buffer D (25 mM 
MES, 50 mM histidine, 15m M NaCl, 25% glycerol, pH 6.0). A centrifuge ultra-filtration device 
(Centricon 100 kDa, Millipore) was used to desalt, remove histidine, and concentrate the sample. 
Once the PS II core was concentrated, buffer E (50 mM MES, 0.4 M sucrose, 10 mM CaCl2, pH 
6.0) was added (Dr.Yocum, personal correspondence). All works were performed at 4°C.  
              Oxygen-evolving PS II membranes and PS II core complexes (PS II cc) from spinach 
were isolated from spinach bought at a local market. Arabidopsis oxygen-evolving membranes 
were isolated following the same procedure. Oxygen-evolving membranes were prepared by the 
method of Berthold et al (1981), with the modifications described by Ghanotakis and Babcock 
(1983). Typical preparations had a Chl a/b ratio of 1.9-2.0. PS II core complex was prepared by 
the method of Ghanotakis et al (Ghanotakis et al. 1987). The Chl concentration was measured by 





Results and Discussion 
Screening and Selection of Transgenic Plant Lines 
              In this study, the psbO-1 gene native promoter was used rather than the 35S CaMV 
promoter. The results from
 
a typical screening experiment are shown in Figure 4.1. As expected, 
individual
 
transgenic plants exhibited different degrees of the expression of the His6-tagged 
PsbO-1 protein. This phenomenon has been reported before and is considered a result of the 
position of the transgene insertion in the host genome.  Surprisingly, almost all the kanamycin 
resistant plants showed the presence of His6 epitope. This is in contrast to transgenic plants using 
CaMV promoter that some kanamycin-resistant plants never exhibited the His6 tag (data not 
shown). Several transgenic lines were chosen for the production of homozygous plant lines.  
After four generations, one line (Figure 4.1 lane A) was used for this study and designated as 
WTHMSP1. It is interesting to note that some plant lines with the highest amount of the His6-
tagged PsbO-1 protein showed some defective phenotype such as yellow leaves and dwarf plants 
and some homozygous transgenic plants did not appear as healthy as heterozygous plants.  
 
Figure 4.1 Immunological Screening for the Presence of His6 Epitope on the Tagged PsbO-
1 Protein. Kanamycin-resistant plants exhibited variable amounts of expression level (lane A 
through M). Two His6-tagged ladder proteins are used in lane His6-L with molecular weight of 
lower band being 29 kDa and that of higher band being 45 kDa. 
 
Increased Accumulation of PsbO-1 Protein Doesn’t Affect the Core 
Components Accumulation Level in Thylakoids 
              To determine whether the expression of
 
the His6-tagged PsbO-1 protein affects the 
expression of other PS II components, immunological
 
analysis using chemiluminescent detection 
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was performed (Figure 4.2). Four proteins
 
that are present in the intrinsic core of PS II, CP47, 
CP43,
 
D1 and D2 were examined. Clearly, the amount of CP47, CP43, and D1 and D2 protein
 
were not affected by the introduced His6-tagged PsbO-1 protein. The increased total amount of 
PsbO-1 protein doesn’t change the stoichiometry of other core components. This is in line with 
the transgenic studies using FUD44, the PsbO protein defective strain in Chlamydomonas 
(Mayfield 1991). Four to five copies of the psbO gene were detected in the transgenic FUD44 
and led to psbO mRNA in approximately a three-fold excess over the wild type. However, the PS 
II reaction center proteins D1 and D2 accumulated to wild type levels in these cells. This 
indicated the PS II core subunit stoichiometry is not affected by the over-expressed higher PsbO 
protein level in Chlamydomonas. On the other hand, decreased PsbO protein level led to lower 
accumulation of PSII core complex proteins, as shown in a study using RNA interference (Yi et 
al. 2005) and Chapter 3. The level of the Cyt f subunit and PsaB, from Cyt b6/f complex and PSI 
complex respectively, were also examined. No significant variation was observed (Figure 4.2) 
 
Figure 4.2 Immunological Analyses of the Major PS II Core Components and Two OEC 
Components in PS II. Thylakoids were prepared from mature leaves. 5 μg of Chl was loaded 
per lane.  
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Increased Expression of the His6-tagged PsbO-1 Leads to a Lower 
Accumulation of the PsbO-2 Protein in Thylakoids 
              Figure 4.3 shows some transgenic lines from Figure 4.1, which express increasing 
amount of His6-tagged PsbO-1 protein. Interestingly, with increasing amount of His6-tagged 
PsbO-1 protein, less PsbO-2 protein was observed in thylakoid using an anti-PsbO antibody. In 
Chapter 3, it was observed that absence of PsbO-1 protein led to compensatory elevated levels of 
PsbO-2 protein in psbo1 mutant.  The studies in that chapter demonstrated elevated PsbO-2 
protein level can be decreased by increasing expression of His6-tagged PsbO-1 protein. In Figure 
3.4, increasing amount of PsbO-1 protein detected on “Western” blot in psbo1-M and psbo1-C 
thylakoid lumen, led to decreasing amounts of the PsbO-2 protein being observed. In the psbo1 
mutant, accumulation of the PsbO-2 protein was up-regulated by an unknown mechanism but not 
reaching the total amount of PsbOs found in wild type plants.  
 
Figure 4.3 Over-expression of the PsbO-1 Protein Decreases the Accumulation of the PsbO-
2 Protein in the Thylakoids. Upper panel was probed using anti-histidine antibody and lower 
panel was probed using anti-PsbO protein antibody. 
Effects of Over-expression of the His6-tagged PsbO-1 Protein on PsbP and 
PsbQ Protein Accumulation in Thylakoids 
              In addition to the intrinsic PS II core components, the steady state level of the extrinsic 
PsbP (24 kDa) and PsbQ (17 kDa) proteins was also
 
assessed (Figure 4.2). In wild type, two 
immune-reactive bands were observed that bound the
 
anti-PsbP protein antibody. The nature of 
the minor band is unclear
 
at this time, although it may represent a migrational variant
 
of the PsbP 
protein. Close examination of the PsbP protein of the WTHMSP1 in Figure 4.2 indicates that the 
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major band intensity is somewhat less than in wild type. The minor band is also reduced in 
intensity. Down-regulated PsbP was also observed in Chapter 3 in the transgenic psbo1-M and 
psbo1-C plants. In reconstitution experiments with PS II membranes preparations, the PsbO 
protein appears to be required for the binding of the 24 kDa protein and the 17 kDa proteins 
(Andersson et al. 1984; Kavelaki and Ghanotakis 1991). It’s possible that the exposed N-
terminal modification of PsbO protein may slightly affect the domain which is involved in the 
binding of 24 kDa protein. More interestingly, the PsbQ protein is significantly up-regulated in 
WTHMSP1 and exceeds several times of the wild type level (Figure 4.2 and Figure 4.5). In our 
lab, it was observed that decreased expression of the PsbO proteins in Arabidopsis led to 
dramatic decrease of 17 kDa protein (Yi et al. 2005). But the elevated level of the PsbQ protein 
observed in this experiment was really unexpected.  It should be noted again that only a fraction 
of the extrinsic proteins observed from thylakoids are functionally associated with the PS II 
complex; some extrinsic proteins are in an unassembled state within the thylakoid lumen pool 
(Ettinger and Theg, 1991). In Chlamydomonas, the complete loss of the PsbO protein did not 
lead to any
 
observable change in the expression of the 17 kDa protein (Mayfield et al. 1987). It
 
is 
unclear at this time whether the up-regulation of the 17-kDa protein
 
in Arabidopsis was due to 
the presence of N-terminal His6-tagging or the elevated level of the PsbO-1 protein itself.  
 
Figure 4.4 Immunological Detection of His6 Epitope and His6-tagged PsbO-1 Protein. 
Thylakoids were prepared from mature leaves using the method described in the Materials and 
Methods. 5 μg of Chl was loaded per lane. The results indicate that the transit peptide had been 
removed and that total amount of PsbO-1 protein is much higher in the WTHMSP1 plant than in 




Figure 4.5 LDS-PAGE Analyses of the Thylakoid Membrane Components from WT and 
WTHMSP1 Plants. Thylakoids were prepared from wild type and transgenic plants. 10 ug of 
Chl was loaded per lane. Electrophoresis was performed under 4°C overnight. Positions of His6-
PsbO-1, PsbO-1, PsbO-2, and PsbQ are labeled on the gel. 
Flash Fluorescence Induction  
              Fast flash fluorescence induction at 1 μs time resolution in the absence and presence of 
DCMU is shown in Figure 4.6A and Figure 4.6B respectively.  In this experiment, electron 
transfer between QA
-
 and QB is abolished by the presence of DCMU. The observed fluorescence 
rise is the result of the re-reduction by the oxygen-evolving complex of YZ, which is in 
equilibrium with the primary electron donor P680
+
 (Robinson and Crofts 1987). The shape of this 
fluorescence rise contains information bearing on the amount of PS IIα and PS IIβ reaction 
centers present in the sample. PS IIβ centers with less coupled antennae exhibit characterized 
exponential fluorescence rise kinetics, while PS IIα centers with more antenna coupled show 
sigmoidal fluorescence rise kinetics (Lavergne and Trissl 1995). The different combination of 
these two components shows heterogeneity of lateral antenna coupling. This is true under 
conditions of both continuous relatively weak light illumination in the presence of DCMU (slow 
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fluorescence induction) and single saturating flash conditions (fast fluorescence induction) in the 
absence of DCMU as demonstrated by Nedbal et al. (1999). 
                                                    A 
 
                                                   B 
 
Figure 4.6 Flash Fluorescence Induction in the Absence (A) and Presence (B) of DCMU. 
Data were collected after dark incubation for 5 min. WT (■), WTHMSP1 (●). Deconvolution of 
the fast fluorescence induction was performed using proprietary PSI software. In some instances, 
the error bars are smaller than the symbols. 
 
                         Table 4.1 PS II Antenna Heterogeneity Analysis from Wild Type  
                       and WTHMSP1   
Strains
a
 PS IIα PS IIβ PS IIα/PS IIβ 
WT 72.4±4.2 27.6±4.2 2.62 
WTHMSP1 69.9±3.7 30.1±3.7 2.32 




              This experiment allows the determination of the relative proportions of PS IIα and PS IIβ 
reaction centers (Nedbal et al. 1999) (Table 4.1). In addition to the differences noted above, PS 
IIβ centers have a smaller antenna size. They are depleted of the light-harvesting chlorophyll 
proteins and thus have a higher Chl a/b ratio. They appear to be principally located in the stroma 
thylakoid membranes (Lavergne and Briantais 1996) and at the granal margins (Wollenberger et 
al 1994) and presumably under rapid PS II turnover. Additionally, PS IIβ centers appear to be 
defective in their ability to transfer electrons from QA
-
 to QB (Melis 1991). In wild type, we find 
the ratio of PS IIα to PS IIβ to be 2.62, in line with values obtained in other studies (Nedbal et al. 
1999; Lavergne and Briantais 1996; Wollenberger et al. 1994; Melis 1991; Melis and Homann 
1976). In WTHMSP1 transgenic plant, the PS IIα to PS IIβ ratio is 2.32. This change is 
insignificant and indicates that introduction of the His6-tagged PsbO-1 protein has no effect on 
the PS II antenna coupling. Overall, the PS IIα/PS IIβ ration is consistent with the results in 
Chapter 3 showing the His6-tagged PsbO-1 protein can substitute the native PsbO-1 protein and 
restore the impaired antenna coupling state in the psbo1mutant.  
Fluorescence Induction 
              Figure 4.7 shows the chlorophyll a fluorescence rise observed in the wild type and 
WTHMSP1 plant in the absence (Figure 4.7). The normalized fluorescence yield is shown. Using 
a logarithmic timing series, a polyphasic fluorescence rise exhibiting the OJIP transients is 
observed (Strasser and Govindjee 1991; Strasser and Govindjee 1992). An inspection of the 
curves shown in Figure 4.7 reveals several features. First, FV values from both wild type and 
WTHMSP1 are ~0.8. In fact, the unnormalized FO level for both plants is essentially the same 
which indicates the transfer equilibrium between the formation of the excited states among all 
the light-harvesting pigments and P680 (Lazar 2003) in wild type and WTHMSP1 is not changed. 




Figure 4.7 Fluorescence Induction of Wild Type and the WTHMSP1 Plants. Data were 
collected after dark incubation for 5 min. (A) Fluorescence induction in the absence of DCMU. 
(■) wild type and (●) WTHMSP1. n = 3-5 (error bars, ±1.0 standard deviation); in some 
instances, the error bars are smaller than the symbols. 
decreased FV values due to the fact that not all the chlorophylls in the PS II antenna are 
functionally connected to the reaction center of PS II. Second, the J transition occurs with a 
slightly lowered fluorescence yield in the WTHMSP1than in wild type. The initial O-J phase 
constitutes the photochemical phase of the chlorophyll a fluorescence rise. Strasser and 
Govindjee (1992) proposed that O-J transition reflects an accumulation of QA
-
QB form. The 
decreased fluorescence yield of the J transition (3ms) in WTHMSP1 is not surprising since in 
Chapter 2 it was observed that in the absence of the PsbO-1 protein, the O-J transition was 
significantly elevated. While in WTHMSP1plant, the ratio of PsbO-1/PsbO-2 protein (Figure 
4.4) is much higher than that of the wild type. The slightly decreased O-J transition doesn’t affect 
the J-I and I-P transitions which occur at 30-50 ms and 100ms respectively. Wild type J-I 
transition (3-30 ms) which accounts for ~30% of the total variable fluorescence is not 
significantly increased in WTHMSP1. Usually, an increased J-I transition can be observed in 
treatments which damage the oxygen-evolving complex, such as mild Tris or heat treatment 
(Schreiber and Neubauer 1987) which are known factors affecting the intactness of Mn4Ca 
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cluster. There are also reports that the more reduced state of PQ can also elevate the J-I transition 
(Toth et al. 2007).  To my knowledge, this is the first report that the J step can be decreased by 
an increased PsbO-1/PsbO-2 protein ratio.  
                                                   A 
 




 Reoxidation Kinetics Following a Single Saturating Flash of WT and 
WTHMSP1 Plants. Data were collected after dark incubation for 5 min. (A) Fluorescence decay 
in the absence of DCMU. (B) Fluorescence decay in the presence of 40 μM DCMU. Please note 
logarithmic scales used in panels A and B. (■) WT and (●) WTHMSP1. n = 3-5 (error bars, ±1.0 
standard deviation); in some instances, the error bars are smaller than the symbols. 
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Fluorescence Decay Kinetics 
              Additional information concerning the electron transfer characteristics on both the 
reducing- and oxidizing- sides of the PS II in these plant lines was obtained by examining QA
-
 
reoxidation kinetics in either the absence or the presence of DCMU. These results are shown in 
Figure 4.8A and Figure 4.8B.  
              In the absence of DCMU, the fluorescence decay is dominated by electron transfer 
events that occur on the reducing-side of the PS II Quantitatively, the fluorescence decay after a 
single saturating flash can be resolved into three exponential components (Reifarth et al. 1997). 
The fastest and dominant exponential decay component which we observed in wild type is 
related to the transfer of an electron from QA
-
 to QB (210 μs, 45.1%, Table 4.2). The middle 
exponential decay component (0.91 ms, 28.6%) is associated with the transfer of an electron 
from QA
-
 to QB in reaction centers which have to bind plastoquinone to the QB site before QA
-
 
oxidation can occur. The slowest decay component (591 ms, 18.8%) is related to a charge 
recombination reaction in which the reoxidation of QA
-
 occurs with donor-side components. 
Finally, a residual fraction of the fluorescence yield (7.1%) is very long-lived and may result 
from the equilibrium between QA
-
 and QB (Robinson and Crofts 1983). In the WTHMSP1plant, 
the time constant for the fast phase is observed as 277 μs which is not statistically different from 
wild type. We observed no significant differences for the time constants or amplitudes between 
wild type and WTHMSP1 in the middle and slow phases of the fluorescence decay (Table 4.2). 
Overall, these results indicate that over-expression of the PsbO-1 protein doesn’t strongly affect 
the charge recombination on the reducing-side of photosystem II.  
              In the presence of DCMU, which prevents the transfer of an electron from QA
-
 to QB, 
the decay of fluorescence following a saturating flash is dominated by charge recombination 
between QA
-
 and the oxidizing-side components of the photosystem. Figure 4.8B represents the 
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       Table 4.2 QA
-















/45.1±2.3 0.91±0.1 /28.6±2.7 591±29/18.8±1.9 7.1±0.3 
WTHMSP1 277±19/44.6±1.8 1.04±0.11/29.2±1.5 563±32/18.7±1.6 6.8±0.2 
             a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
fluorescence decay kinetics of wild type and WTHMSP1 in the presence of DCMU. The 
observed fluorescence decay curves were fitted to the same model described above (Reifarth et 
al. 1997). No significant alterations are observed in the WTHMSP. It should be noted that 
alternative models containing two exponential decay components and a hyperbolic component, 
or only two exponential decay components, failed to adequately fit the data. Table 4.3 shows the 
kinetic parameters obtained for the fluorescence decay in the presence of DCMU.  
       Table 4.3 QA
-















/7.9±2.7 493±58 /48.3±3.1 1.50±0.08/41.1±0.4 2.0±0.23 
WTHMSP1 101±29/6.4±2.5 447±41/49.7±2.3 1.44±0.08/41.6±1.1 1.8±0.17 
            a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
PS II Core Complex Preparation and Characterization 
              Thylakoid membranes from WTHMSP1 were solubilized with DM and OTG and 
loaded on a Ni-NTA metal affinity column. Most of the Chl was washed from the column using 
washing buffer, as expected. An increased pH of the wash buffer is required to remove non-
specific binding of most basic proteins, especially, the PsbQ protein. After the washing steps a 
fraction remained bound to the column and this was eluted with a 50 mM histidine- containing 
buffer (Figure 4.9). This buffer completely removed the bound Chl from the column. Coomassie 
blue staining indicated the presence of PS II subunits in these fractions (Figure 4.10). Comparing 
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to the PS II core complex from spinach (Lane 1, Ghanotakis et al. 1987), it seems that our PS II 
core contains the extrinsic PsbO protein as well as other two extrinsic components, the PsbP and 
PsbQ proteins. The stoichiometry binding of these two components are unknown at the present 
time. 
 
Figure 4.9 Isolation of A PS II Core Complex from WTHMSP1 Plant Using Ni-NTA 
Column. The first arrow designates the start of sample washing, and the second arrow indicates 
the start of sample elution with the histidine-containing buffer. The pooled peak fractions are 
enclosed by the rectangle. 
 
                                                     1      2     3     4     5 
 
Figure 4.10 Urea/SDS-PAGE of the PS II Core Complex Isolated from WTHMSP1 Plant. 
Lane 1. PS II core complex from spinach. Lane 2. Oxygen-evolving membranes from 
WTHMSP1. Lane 3. Wild type Arabidopsis oxygen-evolving membranes treated with 1 N NaCl 
to remove the PsbP and PsbQ components. Lane 4. PsbP and PsbQ proteins. Lane 5. PS II core 




Figure 4.11 Room Temperature Absorption Spectra of Oxygen-evolving Membranes and 
the PS II Core Complex Isolated from WTHMSP1 Plant. (●) Oxygen-evolving membrane 
and (■) WTHMSP1. Please note the blue shift of WTHMSP1 around 674 nm peak. 
              After concentration of the preparation using a centrifugal ultra filtration device 
(Centricon), we obtained 0.25 mg of Chl with a/b ratios of 4.5.  The solubilized thylakoid 
membranes contained 10 mg of Chl with a/b ratios of 2.7. Calculation of the putative PS II core 
complex yield was about 2.5%. From analysis of visible absorption spectrum (Figure 4.11), it 
appears that the major Chl b absorption peaks are greatly reduced at 453nm and 642nm. As we 
know, LHC is the major carrier of Chl b. Removal of the LHC from PS II supercomplexes by our 
detergent treatment is expected to yield a higher Chl a/b ratio. This result is consistent with the 
observation that the major LHC band (s) is greatly reduced in Figure 4.10. A close inspection 
indicates that the PS II specific absorption peak is 2-3 nm blue shifted (Figure 4. 11).                
              Good success has been experienced by others with the epitope tagging approach for 
purifying photosynthetic reaction centers. Attachment of a poly-histidine tag to the bacterial 
reaction center allowed the recovery of a pure complex in 4 h using a Ni-NTA resin (Goldsmith 
and Boxer 1996). In cyanobacteria, a histidine-tagged PS II preparation which Synechocystis 
cells (the HT-3 mutant) using DM solubilization exhibited high rates of O2 evolution (Bricker et 
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al, 1998). A polyhistidine-tagged PsbQ-associated PS II complexes has also been isolated from 
cyanobacteria and possessed higher activity and stability relative to complexes isolated using 
HT-3 cells (Roose et al. 2007). The Ni-NTA resin has also been used to isolate a His6-tagged PS 
II complex from C. reinhardtii (Sugiura et al. 1998).  Our successful isolation of a putative PS II 
core complex from Arabidopsis is the first report of a PS II core complex preparation using the 
affinity chromatography technique in higher plant. Additional studies of this PS II core complex 
using biochemical and biophysical tools are in progress.   
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A C-TERMINALLY HIS6-TAGGED PSBR PROTEIN CAN 
RESTORE THE IMPAIRED REDUCING-SIDE 


















              Photosystem II (PS II) functions as a light-driven, water plastoquinone oxidoreductase 
embedded in the thylakoid membrane. In higher plants and algae, proteins which comprise this 
multi-subunit protein complex PS II are encoded in both nuclear and chloroplast genomes. Six 
chloroplast encoded proteins appear to comprise the intrinsic transmembrane components 
required for O2 evolution (Bricker 1992; Burnap et al. 1992; Murata et al. 1984). These are 
CP47, CP43, the D1 protein, the D2 protein, and the α and β subunits of cytochrome b559. 
Concomitant to the light-driven electron transfer from water to plastoquinone is the evolution of 
molecular oxygen on the donor side of the photosystem.  
              The oxygen-evolving complex (OEC) of eukaryotic PS II consists of three extrinsic 
proteins which are encoded in nuclear genome which have apparent molecular masses of 33 
(PsbO), 24 (PsbP), and 17 (PsbQ). They appear to protect the Mn4Ca cluster from direct 
exposure to the aqueous environment and are required for maximal rates of O2 evolution at 
physiological inorganic cofactor concentrations (Ghanotakis et al. 1984). In cyanobacteria all the 
PS II components are encoded within the single bacterial genome. While the six intrinsic 
transmembrane components and the functional features of the Mn4Ca cluster have remained 
similar during evolution from cyanobacteria to higher plants, the protein composition of the OEC 
has undergone radical changes. The OEC of cyanobacteria is composed of the PsbO protein, the 
PsbU and the PsbV (cytochrome C550) proteins in the crystal structure (Ferreira et al. 2004) as 
well as homologous PsbP and PsbQ proteins (Thornton et al. 2004) which are not in the crystal 
structure. Because of these differences, cyanobacterial crystallographic information (Ferreira et 
al. 2004) cannot be directly generalized to higher plants, especially with respect to the structure 
of the extrinsic, lumenal proteins of the OEC. 
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              PsbR, a fourth lumenal protein of PS II, is also known as the 10 kDa PS II polypeptide. 
It was first copurified with PS II complexes of spinach (Ljungberg et al. 1984). It has been 
poorly characterized since then and regarded as a “mystery” subunit of PS II residing on the 
lumenal side of thylakoid. One reason why this protein is a “mystery” lies in the fact that this 
protein is very difficult to work with. There is only one report of successful isolation of this 
protein (Ljungberg et al. 1986). The hydrophobic nature of the C-terminal of the PsbR protein 
makes this component very insoluble and the protein tend to precipitate and/or stick to other 
components during isolation. Another reason why this protein remains a “mystery” comes from 
the unknown targeting mechanism from its site of synthesis in the cytosol, to the thylakoid 
lumen, the functional location of the PsbR protein.  PrePsbR, which is translated on free 
ribosomes in cytosol, has a very short transit sequence (only 41 amino acid residues in both 
Arabidopsis and spinach) relative to that of the other nuclear-encoded extrinsic proteins of PS II 
complex. For instance, the PsbO-1 protein in Arabidopsis contains an 85 amino acid residues 
transit sequence.   
              It has been suggested (Webber et al. 1989) that the shortened N-terminal sequence acts 
to target PsbR only into the chloroplast stroma where it is cleaved and that the C-terminal region 
functions as a non-cleavable signal for lumen import, subsequently acting as a hydrophobic 
anchor of PsbR to the PS II membrane. The hypothesized translocation mechanism of PsbR is 
based on significant sequence homology of PsbR C-terminal domain with the second transit 
peptide lumenal targeting sequence found in most of the other lumenal proteins. If the PsbR 
protein uses such a sequence as second transit targeting information and shares with 
plastocyanin, PsbO, PsbP proteins the same TPP (Thylakoid Processing Peptidase), the final 
protein product is predicted to contain a hydrophobic C-terminal domain with the final amino 
acid (a glutamyl residue) being cleaved off in both spinach and Arabidopsis. Alanine, the second 
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amino acid residue from last is exposed as the C-terminal residue of the mature PsbR protein. 
There are no reports in the literature of either C-terminal sequencing or MALDI-TOF studies of 
the PsbR protein to test these interesting hypotheses. It’s also unknown which subunits are the 
nearest neighbors of the PsbR protein. The only structural study is from a crossing-linking 
experiment (Harrer et al. 1998) using DTSSP, a cleavable crosslinker which spans 12.0 Å. In this 
study, CP47 formed a cross-linking species with a 10 kDa polypeptide. The author tentatively 
identified the 10 kDa component as PsbR due to the coincidence of molecular weight and the 
observation that the 54-56 kDa crossing-linking species disappeared when the PS II membrane 
was Tris washed prior to cross-linking treatment. Tris treatment removes the PsbR protein 
(Ljungberg et al. 1984; Ljungberg et al. 1986) from the PS II membranes. In their experiments, 
the authors did not use immunological analysis or mass spectrometry to support their hypothesis.  
              Mutant plants have been developed in both potato (Stockhaus et al. 1990) and 
Arabidopsis (Suorsa et al. 2006; Allahverdiyeva et al. 2007) to examine the function of the PsbR 
protein in vivo.  In both reports, absence of the PsbR protein apparently led to impaired O2 
evolution and QA
-
 reoxidation, but did not affect the steady state level of the PsbO protein. Some 
of the results presented in the recent Arabidopsis paper (Suorsa et al. 2006), however, are not 
completely consistent with the paper using the potato mutant (Stockhaus et al. 1990). All in all, 
the nature of the interaction between PsbR and PS II remains unclear at this time. 
              In this communication, we used an Arabidopsis T-DNA insertion mutant, psbR, 
combined with transgenic plants to systematically characterize the relationship between the PsbR 
protein and the four core subunits of PS II and the extrinsic proteins. In these experiments, 
oxygen-evolving membrane preparations were used to characterize the protein composition of 
PS II in Arabidopsis. Transgenic studies using a novel vector system provided interesting 
information on the function of the C-terminus of the PsbR protein in the PS II complex. 
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Materials and Methods 
Plant Material and Growth Conditions 
              Arabidopsis thaliana (ecotype Columbia) T-DNA insertion mutant (SALK_114469) was 
obtained from the Salk collection (the Salk Institute Genomic Analysis Laboratory) (Alonso et 
al. 2003) via The Arabidopsis Biological Resource Center (ABRC) at The Ohio State University. 
Four plants were obtained lacking the PsbR protein (psbR mutant plant), as analyzed by 
“Western” blotting. Surface-sterilized seeds of wild type, the psbR plants and the transgenic lines 
were germinated on solid MS medium (Murashige and Skoog 1962) containing 0.7% (w/v) agar 
after cold treatment for 24 h at 4°C. The seedlings were transferred to soil 10 days later and 




 of white light with 16 hour light and 8 
hour dark scheme. The psbR mutant plants were used for complementation and mutation 
analysis.  Thylakoid protein analysis and fluorescence analysis were performed on fully 
expanded rosette leaves of 4-6 week-old plants. The leaves for all fluorescence analyses were 
dark-adapted for at least 5 min prior to measurements. 
Designing and Construction of His6-PsbR Gene Transformation Vectors with 
psbO-1 Gene Promoter 
              pHMINTER from Chapter 3 was used as the initial shuttling vector for molecular 
engineering (Chapter 3 Figure 3.1). As described in Chapter 3, the vector pHMINTER, 
containing the psbO-1 gene promoter, was used because of the several advantages of using plant 
genome native promoters (Chapter 3). cDNA of the PsbR protein was generated from RT-PCR 
of isolated mRNA. The psbRICH plasmid contained an intact version of the PsbR protein except 
that the C-terminal is histidine tagged. Six histidine codon sequences were added to the 3’ of 
DNA sequence which codes for the PsbR protein using primers psbRBamHI and psbRXbaIF 
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(See Table 5.1). The PCR fragment was restricted and inserted into pHMINTER plasmid and the 
resulting plasmid was named psbRICH (Figure 5.1).  
              The plasmid psbRCT is a construction in which the PsbR protein C-terminal 25 amino 
acid residues are deleted and N-terminus is histidine tagged. The truncated version is placed 
downstream of the first and second transit peptides of the PsbO-1 protein. Briefly, the psbRSacIF 
and psbRDouble-TR primers were used to amplify a DNA fragment which results in a C-
terminal truncation (25aa) of the PsbR protein. The fragment was restricted by SacI and inserted 
to downstream of the psbO-1 promoter in the pHMINTER vector (Figure 5.1). This plasmid was 
named psbRCT.  The sequences of all the plasmids involved in this study were confirmed by 
bidirectional sequencing.  
 
Figure 5.1 Expression Cassette of psbRICH and psbRCT Vector. In the psbRICH plasmid, 
the PsbR protein was C-terminally tagged with six histidine (His6). In the psbRCT plasmid, the 
C-terminal 25 amino acid residues of the PsbR protein was deleted. The N-terminus was tagged 
with  six histidine (His6) residues. The trucated version of the PsbR protein is targeted into 
thylakoid lumen under the transit peptides of the PsbO-1 protein.  
Transformation and Screening 
              psbRICH and psbRCT plasmids transformation into Agrobacterium (strain GV3101) 
were performed by the freeze-thaw method. Healthy flowering psbR plants were then 
transformed by the floral dip method as described previously (Clough and Bent 1998). Harvested 
seeds were surface-sterilized with 50% ethyl alcohol and 0.5% Tween-20 for 3 min and then 
70% ethyl alcohol for 3 min followed by washing three times with sterile water. Seeds were 
spread on solid MS medium containing 0.7% agar, 50 mg/liter kanamycin, and 400 mg/liter 
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carbenicillin and then incubated for 2 days at 4 °C in the dark. The transgenic kanamycin-
resistant seedlings were transferred to soil after the first true leaves appeared. Fully expanded 
leaves from four week old plants were used for protein screening analysis and genomic DNA 
analysis.  
   Table 5.1 Oligonucleotides Used for the Construction of psbRICH and psbRCT Vector  
Oligonucleotide Sequence (length of oligonucleotide) 
psbRSacIF   5’-TCGAGCTCTGAGTGGCGTCAAGAAGATCAAGACC-3’ (34nt) 
psbRDouble-TR       5’-AATGAGCTCGGATCCTTATGCCAATCCGGTGACTCCT 
CCC-3’ (40nt) 
psbRBamHI    5'AATGGATCCTTAGTGATGATGATGGTGATGCTGAGCCAAAG
CACTGGTG -3' (49nt)         
psbRXbaIF   5’-CCTCTAGAATGGCTGCTTCAGTGATGCTATC-3’ (31nt) 
Hisprimer     5’-CATCACCATCACCATCAC-3’ (18 nt) 
PC-F                          5’-ATGGCCGCAATTACATCAG-3’ (19 nt) 
PC-R                          5'-TTCCCAACCATACCAGCACC-3' (20 nt) 
              The presence of the engineered copy of psbRICH and psbRCT constructs in the 
kanamycin resistant plant lines was confirmed by PCR using construct specific primer pairs. All 
of the plants that exhibited the kanamycin-resistant phenotype also exhibited the appropriate 
PCR amplification products, which were absent in the wild type plants (data not shown). 
Individual kanamycin-resistant plants were screened at the protein level by “Western” blotting 
using a PsbR antibody (Agrisera, Sweden). In brief, two leaves from each kanamycin-resistant 
plant were used for a mini-scale thylakoid preparation. Thylakoid washing was omitted and 
thylakoid pellets were tested directly for the presence of transgenic PsbR protein after LDS-
PAGE and “Western” blotting.  
Semi-quantitative RT-PCR Analysis 
              Total RNA was extracted from 100 mg of fresh rosette leaves using the RNeasy Plant 
mini kit (Qiagen, Germany) according to the manufacture’s instruction, followed by on-column 
DNase I treatment to remove any residual genomic DNA contamination. The transcript levels 
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from four weeks old wild type, psbR, psbRICH, and psbRCT plants were examined by semi-
quantitative RT-PCR with transgenic copy gene-specific primers using ProtoScript II RT-PCR 
kit system (NEB, USA) according to the manufacturer’s instructions. The RT-PCR amplification 
was carried as 60 min at 42°C, 4 min at 94°C, 25 cycles (94°C for 30 s, 58°C for 30 s and 72°C 
for 30 s), followed by a final extension at 72°C for 10 min. The RT-PCR reactions were repeated 
twice and identical results were obtained. The transcription level of plastocyanin was used as an 
internal control using PC-F and PC-R primers. 
Characterization of Thylakoid and Oxygen-evolving PS II Membrane 
Proteins 
              For a more in-depth analysis of the protein complement of the thylakoid membranes, 
chloroplasts were isolated from wild type, psbR, psbRICH, and psbRCT plants. Leaves were 
ground in a glass homogenizer with a chloroplast isolation buffer (100 mM sucrose, 200 mM 
NaCl, 5 mM MgCl2, 50 mM sodium potassium phosphate buffer, pH 7.4.), the homogenate was 
then passed through two layers of Miracloth (Calbiochem USA), and the chloroplasts were 
pelleted by centrifugation at 6,000 x g for 5 min. After washing, the thylakoids were resuspended 
in a small amount of 300 mM sucrose, 15 mM NaCl, 10 mM MgCl2, and 50 mM MES-NaOH, 
pH 6.0. Chlorophyll concentration was determined by the method of Arnon (1949). Oxygen-
evolving PS II membranes were prepared by the method of Berthold et al (1981) with the 
modifications described by Ghanotakis et al (1984). Typical preparations had a Chl a/b ratio of 
1.74-2.0. LDS-PAGE was performed on a 12.5–20% gradient gel with 3 ug of chlorophyll 
loading/lane. For detection of the immobilized antibodies, a chemiluminescent substrate 
(SuperSignal WestPico chemiluminescent substrate, Pierce) was used, and the blots were 
exposed to x-ray film. After development, the x-ray films were scanned with a UMax 
PowerLook III scanner at 300-dpi resolution and an 8-bit color depth. 
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Fluorescence Experiments  
              Fluorescence induction was monitored with a Photon Systems Instruments (PSI, Czech 
Republic) FL3000 dual modulation kinetic fluorometer (commercial version of the instrument 
described in (Nedbal et al. 1999). Both measuring and saturating flashes are provided by 
computer-controlled photodiode arrays. The flash profile exhibited a square shape for low power 
measuring flashes and only deviated 5% from an ideal square shape for saturating actinic flashes. 
For all of the fluorescence experiments, single leaves from plants were excised and dark-
incubated for 5 min before initiation of the experiments. In the standard fluorescence induction 
experiments (Kautsky experiments), data were collected in a logarithmic time series between 1 
ms and 4s after the onset of strong actinic light or between 10μs to 1s setting for PS II closure 
analysis (Antal and Rubin 2008). In the flash fluorescence induction experiments, the kinetics of 
the rapid fluorescence rise following a single saturating flash delivered by light-emitting diodes 
were examined for 50 μs with a time resolution of 1 μs in the absence or presence of DCMU. 
Data were collected at a frequency of 10 MHz with 12 bit resolution. Proportions of PS IIα and 
PS IIβ centers were calculated using proprietary PSI software (Nedbal et al. 1999). In the 
fluorescence decay experiments, the kinetics of the transfer of an electron between QA
-
 and QB 
were examined in the absence of DCMU, while the recombination reactions of QA
-
 with PS II 
donor-side components were examined in the presence of DCMU. For these experiments, data 
were collected between 150 μs and 60 s following a single saturating flash. Data were analyzed 
using the equations outlined in ref (Reifarth et al. 1997). In this mathematical treatment, three 
exponential decay components and a long-lived (essentially nondecaying) residual component 
were included. In the DCMU treatment experiments, the leaves were immersed in 40 μM DCMU 
and 0.1% Tween 20 in water for 30 min prior to performance of the fluorescence experiments. 
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Data were analyzed using Origin version 6.1 and proprietary software provided by Photon 
Systems Instruments. 
Results and Discussion 
Screening of the PsbR Protein Deletion Mutant and the Transgenic Plant 
Lines 
              We characterized the T-DNA insertion mutant line SALK_114469, which has an 
insertion located in the third exon of the psbR gene (At1g79040). The psbR mutant plants 





). The results from
 
a typical “Western” blotting screening of the psbR mutant 
are shown in Figure 5.2. As expected, homozygous plant lines (Figure 5.2 lane C, H, J, and L) of 
the psbR mutant produced no PsbR protein. Four homozygous lines were obtained in our 
screening. One was used for further seed production and subsequent analysis. 
 
Figure 5.2 Immunological Screening of Homozygous T-DNA Insertion Mutant Lines of 
psbR. Proteins from whole leaf extracts of wild type (WT) and 13 T-DNA plants (A through M) 
were resolved by LDS-PAGE followed by Western blotting and detection with anti-PsbR 
antibody and chemiluminescence.  Four plants (lane C, H, J, and L) showed no signal and are 
homozygous mutant lines.  
 
The Absence of the PsbR Protein Leads to Decreased Levels of the PsbP and 
the PsbQ Proteins Associated with the PS II Complex 
              There has been some controversy concerning the effect of the absence of the PsbR 
protein on the binding of other extrinsic proteins to PS II, especially the PsbP and the PsbQ 
components (Stockhaus et al. 1990; Suorsa et al. 2006). Immunological analysis was used to 
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examine the relative amounts of the three extrinsic proteins (PsbO, PsbP, and PsbQ) using 
thylakoid and oxygen-evolving membranes preparations (Figure 5.3). The PsbO proteins (both 
PsbO-1 and PsbO-2 protein) remain unchanged in the wild type and the psbR mutant thylakoids. 
This is consistent with earlier reports in both the potato and Arabidopsis systems (Stockhaus et 
al. 1990; Suorsa et al. 2006) stating that PsbR is not involved in the assembly of the PsbO protein 
in the PS II complex. The difference, in the absence of PsbR, of the PsbP protein between wild 
type and the psbR mutant is small (Figure 5.3). This result was consistent with the observation 
using antisense mutants of potato (Stockhaus et al. 1990). In this report, one mutant line which 
was generated in potato using antisense technology led to the loss of 97 % of the PsbR protein 
but had no effect on the extrinsic proteins. This observation and our result are somewhat 
contradictory to the experiment in which the same T-DNA mutant line (SALK_114469) was 
used in Arabidopsis (Suorsa et al. 2006). In that report, the absence of the PsbR protein results in 
a specific post transcriptional reduction in the PsbP and PsbQ proteins, with nearly undetectable 
levels of these components being present under low-light conditions. The author suggested the 
PsbR protein is important for PsbP docking or that the presence of PsbR is required for stable 
assembly of PsbP and PsbQ. 
              One major difference between this study and Suorsa et al (2006) is that our plants were 




 of white light with 16 hour light and 8 hour dark 
condition, while their plants were grown under three different light conditions with 8-hour 
light/16 hour dark cycles (Suorsa et al. 2006). In the previous reports, whole cell (Stockhaus et 
al. 1990) and thylakoid preparations (Suorsa et al. 2006) were used for immunological analysis. 
It should be noted that the unchanged level of the extrinsic proteins in thylakoid lumen of psbR 
plant does not necessarily imply that they are physically binding to PS II complex since a 
population of the extrinsic proteins may exist in a free, unassembled state (Ettinger and Theg 
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1991). In order to address this question, we examined oxygen-evolving membrane preparations 
(Berthold et al. 1981) isolated from Arabidopsis thylakoids. This preparation removes not only 
 
Figure 5.3 Immunological Analysis of the Protein Complement of the Thylakoid 
Membranes and Oxygen-evolving Membrane Preparations of Wild Type and the psbR 
Mutant. Membranes from Wild type and psbR mutant plants were examined by LDS-PAGE 
followed by “Western” blotting and probing with various primary antibodies and the appropriate 
secondary antibody-peroxidase conjugates, and followed by detection with chemiluminescence. 





 were used for the experiments. 
the contaminations from other protein complexes components in the thylakoid membrane but 
also releases any free lumenal proteins such as the unassembled extrinsic proteins. The detected 
extrinsic proteins obtained in this preparation should only contain the extrinsic proteins 
physically associated with the PS II complex.  
              Immunological studies examining the oxygen-evolving membranes of wild type and the 
psbR mutant are shown in Figure 5.3. A decreased amount of PsbP was observed in the psbR 
mutant. A dilution series of wild type and the psbR mutant PS II membrane clearly indicated that 
the PsbP protein level in the mutant falls in the range of 25% and 50% of that observed in wild 
type (Figure 5.4). Near equal amounts of the PsbO proteins were observed in wild type and psbR 
mutant PS II membranes (Figure 5.3). Surprisingly, we observed that there was no difference of 
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the PsbO protein level between wild type thylakoids and wild type oxygen-evolving membranes 
when examined on a Chl basis. 
 
Figure 5.4 Semi-quantitative Immunological Analysis of the PsbP Protein in the psbR 
Mutant Plant. Oxygen-evolving membrane preparations were used. Proteins were separated by 
LDS-PAGE, transferred on to a polyvinylidene fluoride membrane, and probed with antibody 
against the PsbP protein. The equivalent of 5 μg of Chl was loaded in the 100% level. Plants 




 were used for the experiments. 
              It appears that PsbP binding to the PS II complex is somewhat dependent on the 
presence of the PsbR protein. Using thylakoids, Suorsa et al (2006) reached the same conclusion, 
PsbR and PsbP binding to the PS II core was interdependent. It is likely that the stable assembly 
of PsbP primarily requires the presence of the PsbR protein. At this time it is unclear if PsbR 
directly binds PsbP to the PS II lumenal side, or whether PsbR only fine-tunes the structure of 
the PS II complex, making the association of PsbP more likely.  
              It should be noted that in spinach, the PsbR protein, together with the CP29, CP26, and 
PsbS proteins, can be specifically removed from PS II membrane preparations without the PsbP 
and PsbQ proteins being released (Mishra and Ghanotakis 1994). Additionally, an earlier report 
(Ljungberg et al. 1986) on the removal of the PsbP, PsbQ, and PsbR proteins with 1M NaCl and 
0.06% Triton is equivocal since these investigations never showed whether other components 
were also affected by this treatment. Treatment with 1M NaCl can break salt bridges between the 
PsbP and the PsbQ proteins and of the PS II components but it may also break the salt bridges 
between PsbR and PS II components other than PsbP and PsbQ. It was also observed that 
absence of the PsbP protein doesn’t affect the PsbR protein level (Liu, unpublished). 
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             When compared to wild type, the PsbQ protein level was decreased in both thylakoids 
and PS II membranes isolated from the psbR mutant. In reconstitution experiments with PS II 
membranes preparations, the PsbO protein appeared to be required for the binding of the PsbP 
protein and the PsbP protein appeared to be required for the binding of the PsbQ protein 
(Andersson et al. 1984; Kavelaki and Ghanotakis 1991). Cross-linking experiments performed 
with homobifunctional crosslinker (6-11 Å span) indicated that the PsbP protein is within 11 Å 
of the PsbQ protein (Harrer et al. 1998). However, if we compare the wild type PsbQ protein 
level in thylakoids and oxygen-evolving membranes, we find the same pattern as we obtained for 
the PsbO protein, i.e. there is no difference of PsbQ protein level between thylakoids and 
oxygen-evolving membranes. Another interesting observation is that if the PsbP protein levels in 
wild type thylakoid and oxygen-evolving membranes were compared, we found the later 
contains less PsbP than do thylakoids.  The PsbR protein level follows a similar pattern. This is 
different than the pattern observed for the PsbO and the PsbQ proteins. According to the protein 
level from the thylakoid and oxygen-evolving membranes preparation, we may group the PsbO 
and PsbQ proteins together, while the PsbP and PsbR in another. At this time we cannot interpret 
these phenomena.  
The Absence of the PsbR Protein Leads to the Decreased Level of the D2 
Protein within the PS II Complex 
              To determine whether absence of the PsbR protein leads to the changes in other PS II 
components, immunological analysis was performed. The relative amounts of some selected PS 
II proteins were analyzed using thylakoid and oxygen-evolving membranes of wild type 
Arabidopsis and the psbR mutant (Figure 5.3). Four proteins present in the intrinsic core of PS II 
complex, CP47, CP43, the D1 protein, and the D2 protein were examined. As shown in Figure 
5.3, CP47, CP43, and the D1 proteins, were presented in near equal amounts in the WT and psbR 
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mutant thylakoids preparations.  Immunological analysis using oxygen-evolving membranes 
exhibited the same pattern as thylakoids. However, the D2 protein showed decreased level 
comparing to wild type in thylakoids. This is even more pronounced when using oxygen-
evolving membrane preparations (Figure 5.3). In earlier research using the same T-DNA 
insertion line (Suorsa et al. 2006), only the D1 protein and CP43 protein from a thylakoids 
preparation were analyzed using “Western” blotting analysis (Suorsa et al. 2006).  Their results 
are consistent with our observations on the levels of the D1 and CP43 proteins. This may be 
quite important and may have significant consequences in terms of the PS II function. 
Expression of photosynthetic membrane proteins are coordinately regulated so that proteins 
within any of these complexes are always at or near their correct stoichiometry. Decreased 
subunit levels may compromise the protein complex functionality. Our hypothesis that decreased 
D2 protein in PS II complex will lower the PS II function is supported by our functional 
fluorescence analysis and earlier studies. In earlier research (Suorsa et al. 2006), the authors 
observed the values of 0.71 and 1.01 for the PSI/PS II ratios in WT and psbR thylakoids 
respectively using EPR spectroscopy. The amount of PS II (on a Chl basis) in the psbR mutant 
was 72% of that in WT, whereas the amount of PSI was unaffected in the mutation. This clearly 
indicated that the WT thylakoids had fewer PSI centers than PS II centers, whereas in the psbR 
mutant, the amounts of PSI and PS II centers were nearly equal. 
              Since the psbR gene is missing from cyanobacterial genome, the high resolution 
structures of the PS II complex have not been helpful in the elucidation of the location and the 
functional role of PsbR in the photosystem. No reports exist identifying the PsbR protein 
location within PS II complex in higher plants and green algae.  
               There are two domains on the PsbR protein, a C-terminal hydrophobic domain and an 
N-terminal positively charged domain (Figure 5.5). It is possible that the PsbR protein may 
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associate with the integral hydrophobic D2 protein through either domain.  But it’s unlikely that 
decreased D2 protein results from the decreased PsbP or PsbQ proteins in psbR mutant due to the 
absence of the PsbR protein. Using RNAi technology, a series of transgenic lines showing 
different PsbP protein level interference (Yi et al. 2007) were obtained. In line P11, markedly 
reduced PsbP protein did not affect the protein level of the D2 protein. With the removal of the 
PsbP, all the core protein levels are affected. The possible association of the PsbR protein with 
D2 is also supported by the observations that CP47 can be cross-linked to D2 protein and that 
CP47 may be cross-linked to the PsbR protein (Harrer et al. 1998) using DTSSP. It is also 
possible that the absence of PsbR protein affects the D2 protein level indirectly. However, PsbP-
deficient Chlamydomonas mutant synthesized and accumulated PS II core proteins and the 
extrinsic PsbO and PsbQ proteins without visible differences from wild type (De Vitry et al. 
1998). 
                                             
Figure 5.5 Kyte-Doolittle Hydropathy Plot Analysis of the PsbR Protein. The window size is 
19, peak with scores greater than 1.8 (red line) is supposed to be transmembrane region. 
(http://gcat.davidson.edu/rakarnik/kyte-doolittle.htm) 
A C-Terminal His6-tag Extension of the PsbR Protein Does Not Affect the 
Restoration of the PsbP and PsbQ Proteins in the PsbR Mutant Background 
              The PsbR protein antibody was used for the screening of transgenic plants. A typical 
“Western” blotting screening of putative psbRICH transgenic plants is show in Figure 5.6. Out of 
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40 kanamycin-resistant individual transgenic lines, 20 plants showed various expression levels of 
C-terminally His6-tagged PsbR protein. The C-terminally His6-tagged PsbR protein can 
apparently be successfully translocated across the chloroplast outer and inner membranes and 
targeted correctly into the thylakoid membrane. Oxygen-evolving PS II membranes were used to 
characterize the oxygen-evolving complex components. As shown in Figure 5.7, the 
immunological study indicates that the C-terminal extension of the PsbR protein resulted in a 
slower migration than the wild type PsbR protein. As expected, the PsbO-1 and PsbO-2 were not 
affected by the presence of C-terminal extension in either the psbRICH or the psbRCT transgenic 
plants. The decreased PsbP and PsbQ protein level observed in the psbR mutant was restored to 
wild type levels in the psbRICH plants.  
 
Figure 5.6 Screening of psbRICH Transgenic Plants. Proteins from the thylakoids of wild type 
(WT) and 15 transgenic plants (A through O) were resolved by LDS-PAGE followed by 
“Western” blotting and detection with anti-PsbR antibody and chemiluminescence. Individual 
plant lines exhibited variable amounts of the PsbR protein when under the leaf-specific promoter. 
Seven out of 15 transgenic plants exhibited variable amounts of the PsbR protein (Lane C, F, I, 
K, L, N, and O).  
 
Figure 5.7 Immunological Analysis of Three OEC Components and the PsbR Protein in 
Oxygen-evolving PS II Membranes of Wild Type, psbR and the Transgenic Plants. Please 
note the molecular mass shift of C-terminally His6-tagged PsbR.  
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A C-terminal Truncation of the PsbR Protein Does Not Accumulate 
              Another construct was tried, the C-terminal 25 hydrophobic amino acids were removed 
from the native sequence (Figure 5.1). Using the transit peptide sequence of the PsbO-1 protein, 
the truncated version of the PsbR protein should be targetted into thylakoid lumen, as was the 
case of the PsbO-1 protein observed in Chapter 3 and Chapter 4. Interestingly, no truncated PsbR 
protein was detected on “Western” blots using either a polyclonal antibody against the PsbR 
protein (Figure 5.7) or a monoclonal antibody (Invitrogen, USA) against the His6-tag (data not 
shown). Total cell protein was also prepared from mature leaves of the psbRCT plant and used 
for “Western” blotting analysis, again, no bands were detected at either 13kDa for the 
unprocessed prePsbR (C-terminal truncated) or around 8 kDa for the mature truncated PsbR. RT-
PCR using primers specific to His6-tag and to the 3’ of the psbR gene indicated that the truncated 
psbR gene was transcribed to mRNA (Figure 5.8).  
              Analysis of the import of carboxyl-terminal truncations of the PsbP protein suggested 
that the carboxyl-terminal portion of the PsbP protein precursor is important for the maintenance 
of an optimal structure for import into thylakoids, implying that the efficient translocation of the 
PsbP protein requires the protein to be correctly folded (Roffey and Theg 1996). In addition, the 
rapid degradation of the truncated forms of the processed PsbP protein within the lumen 
indicates that a protease (or proteases) active in the lumen can recognize and remove misfolded 
polypeptides (Roffey and Theg 1996). In our case it seems likely that the truncated form of the 
PsbR protein is not stable and is degraded before the translocation process occurs. It would be 
premature to draw the conclusion that the C-terminus of the PsbR protein is involved in its 
translation, but we can say that it appears that the C-terminal domain is important for the stability 
of the PrePsbR protein in cytosol. It should be noted that when the PsbR protein’s short native 
transit peptide was used before the C-terminally (25aa) truncated PsbR version, we were also not 
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able to detect the PsbR protein using immunological analysis (data not shown). Interestingly, the 
truncated version of the PsbR protein can be expressed in the E.coli system and can bind to the 
oxygen-evolving membrane preparations stripped off the PsbP, PsbQ, and PsbR protein (Liu, 
unpublished). Due to the absence of the C-terminally truncated PsbR protein, the PsbP and PsbQ 
protein remain same level as observed in the PsbR mutant (Figure 5.7). 
 
Figure 5.8 RT-PCR Analysis of Transcript of the Truncated psbR Gene. The His6-tagged 
specific primer Hisprimer and psbRDouble-TR (Table 5.1) were used for the confirmation of the 
presence of N-terminal His6-tagged-C-terminal-truncated PsbR mRNA. Plastocyanin was used as 
a control of RT-PCR (row two).  
Flash Fluorescence Induction 
              Figure 5.9 shows the flash-induced fluorescence induction at a 1 μs time resolution in 
the absence (Figure 5.9A) and presence of DCMU (Figure 5.9B). In this experiment, electron 
transfer between QA
-
 and QB is abolished by the presence of DCMU. The observed fluorescence 
rise is the result of the re-reduction by the oxygen-evolving complex of YZ, which is in 
equilibrium with the primary electron donor P680
+
 (Robinson and Crofts 1987). The shape of this 
fluorescence rise contains information bearing on the amount of PS IIα and PS IIβ reaction 
centers present in the sample.  Exponential fluorescence rise kinetics indicate that the antennae 
of individual PS II centers are not coupled (i.e., a characteristic of PS IIβ centers), while 
sigmoidal fluorescence rise kinetics indicate a high degree of interconnectivity between the 
antennae of PS II centers (i.e., a characteristic of PS IIα centers) (Lavergne and Trissl 1995).   
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                                                     A 
 
                                                     B 
 
Figure 5.9 Fluorescence Induction Following a Single Saturating Flash in the Absence and 
Presence of DCMU. A: in the absence of DCMU, B: in the presence of DCMU (40 μM). Data 
were collected after dark incubation for 5 min. Please note the different time scales used in these 
figures vs those in Figure 5.10. The observed fluorescence yield is the combination of the 
amounts of PS IIα and PS IIβ reaction centers present in the wild type (WT) and psbR and 
psbRICH based on the flash fluorescence induction data: (■) wild type and (●) psbR and 
psbRICH (▲). n = 3 (error bars, ±1.0 standard deviation); in some instances, the error bars are 
smaller than the symbols. 
This is true under conditions of both continuous relatively weak light illumination (slow 
fluorescence induction) and single saturating flash conditions (fast fluorescence induction) as 
demonstrated by Nedbal et al. (Nedbal, Trtílek et al. 1999). In addition to the differences noted 
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above, PS IIβ centers have a smaller antenna size, are enriched in chlorophyll a, and are depleted 
of the light-harvesting chlorophyll proteins. They appear to be principally located in the stroma 
thylakoid membranes (Lavergne and Briantais 1996) and at the granal margins (Wollenberger, 
Stefansson et al. 1994). Additionally, PS IIβ centers appear to be defective in their ability to 
transfer electrons from QA
-
 to QB.             
                          Table 5.2 PS II Antenna Heterogeneity Analysis from Wild Type, 
                        psbR and psbRICH    
Strains
a
 PS IIα PS IIβ PS IIα/PS IIβ 
WT 71.9±5.0
b
 28.1±5.0 2.56 
psbR 70.7±1.2 29.3±1.2 2.41 
psbRICH 73.1±6.6 26.9±6.6 2.72 
                                   a
n =3-5. 
b
 Error, ±1.0 standard deviation.  
              This experiment allows the determination of the relative proportions of PS IIα and PS IIβ 
reaction centers (Nedbal et al. 1999) (Table 5.2). In wild type, we find the ratio of PS IIα to PS 
IIβ to be 2.56, in line with values obtained in other studies (Nedbal et al. 1999; Lavergne and 
Trissl. 1995; Lavergne and Briantais. 1996; Wollenberger et al. 1994; Melis 1991; Melis and 
Homann 19765 and Chapter 3). In psbR mutant plant, however, the PS IIα to PS IIβ ratio is 2.41. 
It clearly indicates that absence of the PsbR protein and the subsequent decrease in the D2 
protein and the two extrinsic components (PsbP and PsbQ) has little or no effect on the PS II 
antenna coupling. This observation is consistent with the earlier report showing that the light-
harvesting complex components were unchanged in wild type and the psbR mutant plants 
(Suorsa et al. 2006). In the psbRICH plant, the ratio of PS IIα to PS IIβ is calculated as 2.72, 
within the range of wild type level. It seems that presence of histidine extension at the C-
terminus of the PsbR protein does not interfere with the coupling of antennae and PS II reaction 
center and thus the PS IIα/PS IIβ reaction center ratio. As suggested in earlier studies (De Las 
Rivas et al. 2007), there appear to be two domains in the PsbR protein: one short intrinsic  
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hydrophobic domain on the C-terminus and one extrinsic hydrophilic domain on the N-terminus. 
The C-terminal hydrophobic domain may be involved in the anchoring of the PsbR protein to the 
membrane or to other components in PS II complex. Our observation demonstrates that 
extension of the C-terminal domain by six histidines does not affect the antennae attachment to 
the reaction center.  
Kautsky Curve Analysis 
              Figure 5.10 shows the chlorophyll a fluorescence rise observed in the wild type and in 
all of the plants involved in this study in the absence (Figure 5.10A) or presence (Figure 5.10B) 
of DCMU. The normalized fluorescence yield is shown since the FO level for all of the plants is 
essentially at same level. Using a logarithmic timing series, a polyphasic fluorescence rise 
exhibiting the OJIP transients was observed (Strasser and Govindjee 1992). An inspection of the 
curves shown in Figure 5.10A reveals several interesting features. First, FV values from all the 
plants are about the same (~0.8). Second, the J transition occurs with a higher fluorescence yield 
in the psbR mutant and psbRCT than in wild type and the psbRICH. The initial O-J phase 
constitutes the photochemical phase of the chlorophyll a fluorescence rise. This result indicates 
that electron transfer from QA
- to QB is slowed in the mutant. This would result in an increased 
level of accumulation of QA 
- 
and consequently an increased fluorescence yield. This result is 
similar to, but less extreme than the effects of treatment with DCMU on the fluorescence 
induction curve (Neubauer and Schreiber 1987). Third, in wild type the J and I transitions 
appeared at 4 and 30-50 ms, respectively; however, in psbR plant, due to the elevated J 
transition, J-I phase percentage of the total Fv is decreased. In wild type, the J-I phase (4-30 ms) 
accounted for ~30% of the total variable fluorescence. However, in the psbR mutant plant, the 
fluorescence yield of J-I phase accounted for only 15% of the total fluorescence signal.  A 
similar decrease in magnitude of the J-I phase has been observed in treatments which damaged  
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Figure 5.10 Fluorescence Induction of Wild Type and psbR Plants. Data were collected after 
dark incubation for 5 min. (A) Fluorescence induction in the absence of DCMU. (B) 
Fluorescence induction in the presence of DCMU: (■) wild type, (●) psbR, (▲) psbRICH, (▼) 
psbRCT. n = 3 (error bars, ±1.0 standard deviation); in some instances, the error bars are smaller 
than the symbols. 
 
the oxygen-evolving complex, such as mild Tris or heat treatment (Schreiber and Neubauer 
1987) which are known to affect the integrity of Mn4Ca cluster. It is possible that PsbR is 
associated with the OEC, but the current data are not sufficient to demonstrate this convincingly. 
At least one report, however, speculated that the PsbR protein is associated with the OEC since 
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the PsbR protein detaches from PS II complex only after the 4 Mn ions associated with the 
Mn4Ca cluster are lost (De Las Rivas et al. 2007). The shortened J-I phase in psbR mutant may 




state (Strasser and Govindjee 1992). In 
Chapter 3, we provided evidence showing that with the restoration of electron transport between 
QA
- 
and QB, the J-I phase is restored to wild type levels in psbo1 mutant background (Figure 3.7). 
In wild type and the psbR mutant, both plants reach the P level in 100-200 ms. 
Chlorophyll a Fluorescence Induction 
              Figure 5.11 shows the chlorophyll a fluorescence rise observed in wild type, the psbR 
mutant, and the psbRICH transgenic plant. Please note the time scale difference between Figure 
5.11 and Figure 5.10. Using a logarithmic timing series, a polyphasic fluorescence rise exhibits a 
more detailed OJIP transient at a higher time resolution. Quantitative characteristics of 
photosynthetic electron transport can be evaluated in vivo on the basis of a multi-exponential 
analysis of OJIP fluorescence transients. The originally unnormalized OJIP fluorescence curve 
F(t), measured in leaves, was transformed into the (1-FO/F (t))*(FV/FM)
-1
 transient (Antal and 
Rubin 2008). The equation was derived mathematically from the non-linear relationship between 
fluorescence quantum yield and a fraction of PS II in a closed state. The (F(t)-FO)/FV transient is 
usually used to assess kinetics of the PS II closure during the OJIP rise. A change in (1-
FO/F(t))*(FV/FM)
-1
 was suggested and was successfully applied in C.reinhardtii (Antal and Rubin 
2008).  This numerical treatment can reflect more accurately the stepwise accumulation of PS II 
centers in the closed state. The typical curves in our study were approximated by a sum of 
exponential functions. The amplitudes and lifetimes (Table 5.3) of the OJ, JI, and IP components 





Figure 5.11 Chlorophyll a Fluorescence Induction Analyses of Wild Type, the psbR and the 
psbRICH Plants. OJIP transients (1 - FO/F(t))*(FV/FM)
-1
 and F(t)/FO calculated on the basis of 
measurements carried out in green leaves from  WT (■), the psbR mutant (●), and psbRICH 
(▲).  
                    Table 5.3 PS II Closure Kinetics in the Absence of DCMU from Wild Type, 



























psbRICH 59.7±0.9 0.45±0.02 25.4±1.8 5.29±0.4 14.9±2.3 32.4±3.1 
                   a n =3-5. b Error, ±1.0 standard deviation. c p < 0.01 (Student’s t-test) 
              The initial O-J transition constitutes the photochemical phase of the chlorophyll a 
fluorescence rise and can be ascribed to the double reduction of QB under conditions when PQ 
pool still remains in oxidized state. PS II closure during this phase is determined by the 
equilibrium between reduction and reoxidation of QB. In our experiment, the calculated k1 and k2 




respectively, while in the psbR mutant k1 
and k2 were equal to 1,357 and 495 s
-1 
respectively. The rate constants values observed in wild 
type are in good agreement with those previously reported in the literature (Antal and Rubin 
2008; Lazar 1999) and the values obtained in Chapter 3. In wild type, k1/k2 is 1.41, while in the 
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psbR mutant plant the ratio is increased to 2.7. In the psbR mutant k1 is increased only 9% 
compared to wild type, but k2 decreased 44%. The k1 is believed to be higher in centers with 
impaired electron transport between QA
-
 and QB, since it reflects the rate of reduction of QA. QA
- 
reoxidation analysis in the absence of DCMU in next section will give more detailed 
interpretation. The decreased k2 observed in the psbR mutant may suggest that the stepwise 
accumulation of PQH2 states is significantly decreased, in other words, there is some impairment 
of the electron flow from QB to PQ pool or initially reduced state of PQ pool, since J appear to be 
an indicator of the PQ-pool redox state at the start of the saturating light pulse (Toth et al. 2007).  
              In the psbR plant, while no difference in k1 is observed, the k2 value decreases to 495 s
-1
 
compared to 882 s
-1
 in wild type. In the psbRICH plant k1 increased towards to wild type values.  
This indicates that C-terminally His6-tagged PsbR protein can act as a normal wild type PsbR 
protein to lower the reduced PQ pool redox state in psbR background. The JI phase is due mainly 
to the first phase of PQ pool reduction during the period when electron transport from the PQ 
pool to Cyt b6/f is maximal. The k3 and k4 value can be derived from this phase. In our 
experiment, k3 and k4 in wild type are 123 s
-1
 and 70 s
-1
, respectively. The higher k3 value as 
compared to k4 is expected, since the value of k4 in plants growing under optimal conditions is 
limited by the linear electron flow which is associated with PQ re-oxidation by Cyt b6/f (Haehnel 
1984). Interestingly, a decreased k3 in the psbR mutant was observed. Additionally a higher k4 
value (207 s
-1
) than k3, (109 s
-1
) was observed. Our interpretation is that due to the defective 
electron transport at reducing-side of the psbR mutant, Cyt b6/f  complex is always open for 
reduction or  Cyt b6/f complex components expression level are upregulated in some manner to 
maximize cyclic electron transport and compensate for the defective linear electron transport 
flow. This hypothesis was supported by the experiments presented in Chapter 3. Here again in 
the psbRICH plant, the C-terminal modification of the PsbR protein can restore k3 and k4 value 
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back to wild type levels. The His6-tagged PsbR protein can apparently restore electron transport 
on the reducing-side of PS II to wild type level. The IP phase reflects the further oxidation of the 
PQ pool due to the establishment of reduced electron carriers beyond Cyt b6/f.  And k5 is related 
to overall reduction of intermediates between Cyt b6/f and FNR. As we see in Table 5.5, the k5 
values from all the plants examined were not significantly changed. Usually, the inhibition of the 
electron transport between Cyt b6/f and FNR must lead to the decrease in k5. From this type of 
analysis, it seems that C-terminal extension of the PsbR protein complements most of the defects 
associated with the psbR mutant.  
                          Table 5.4 Photosynthetic Parameters Evaluated from Simulation of 
                          Decomposition of the (1-FO/F(t))*FV/FM Transients from Wild Type, 












WT 1,245 882 123 70 36 
psbR 1,357 495 109 207 25 
psbRICH 1,330 889 119 70 31 
 
              It should be pointed out that a good fit of theoretical values and the observed data values 
can be obtained in all the plants used in this study. It is quite different from the situation of 
Chapter 3 in which good fitting could be obtained only from wild type or wild type like (such as 
psbo1-C) plants. Moreover, the assumption that PQ pool is initially completely oxidized after 
dark adaptation is a strong approximation since k3 and k4 are PQ pool oxidation state dependent. 
Fluorescence Decay Kinetics 
              Additional information concerning the electron transfer characteristics on both the 
reducing- and oxidizing- sides of the photosystem was obtained by examining QA
-
 reoxidation 
kinetics in either the absence or the presence of DCMU. The results are shown in Figure 5.12 
and Figure 5.13. In the absence of DCMU (Figure 5.12), the fluorescence decay after a single 
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saturating flash can be resolved into three exponential components (Reifarth et al. 1997). The 




 Reoxidation Kinetics in the Absence of DCMU in Wild Type, the psbR and 
the psbRICH Plants. Transients of WT (■), psbR (●), psbRICH (▲) are shown. Visually, 
psbRICH and WT curve are nearly identical. Data were collected after dark incubation for 5 min.  
    Table 5.5 QA
-



































psbRICH 201±25/45.5±2.7 1.01±0.11/29.7±2.5 595±19/17.7±0.6 7.9±0.4 
     a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 
p < 0.01 (Student’s t-test) 
the transfer of an electron from QA
-
 to QB (186 μs, 45.7%) (Table 5.5) The middle exponential 
decay component (0.92 ms, 29.3%) is associated with transfer of an electron from QA
-
 to QB in 
reaction centers which have to bind plastoquinone to the QB site before QA
-
 oxidation can occur. 
The slowest decay component (588 ms, 18.1%) is related to a charge recombination reaction in 
which the reoxidation of QA
-
 occurs with donor-side components. Finally, a residual fraction of 
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the fluorescence yield (7.7%) is very long-lived and may result from the equilibrium between 
QA
-
 and QB (Debus 1992). In the psbR mutant, the time constant for the fast phase increased from 
186 to 377 μs. This indicates that electron transport from QA
-
 to QB is slowed in the mutant. 
Additionally, the time constant for the middle exponential decay component increased from 0.92 
to 2.94 ms in the mutant, about 3.2 times longer than that of wild type. No difference was 
observed in the slow phase or in the residual component. 
              A similar increase in the middle exponential decay component was observed in our 
psbo1 mutant in which both the oxidizing- and reducing-side electron transport were impaired 
due to the absence of the PsbO-1 protein (Chapter 2). This finding indicated that the defective PS 
II electron transport is related to the large proportion of PS IIβ reaction centers present in the 
psbo1 mutant. PS IIβ reaction centers are localized principally in the stroma thylakoid 
membranes. Since the stroma membranes are deficient in photochemically reducible 
plastoquinone (Melis 1980), binding of free plastoquinone to the QB site would be expected to be 
slowered in the psbo1 mutant. But in the case of the psbR mutant, this interpretation is unlikely. 
As shown in Table 5.2, PS IIα/PS IIβ ratio in the psbR mutant plant is very close to that of wild 
type. Using same psbR mutant, Allahverdiyeva et al (2007) hypothesized that the modified 
acceptor-side electron transport kinetics resulted from the absence of the PsbR protein inducing 
donor-side modification of PS II, which was transmitted by conformational re-arrangement of 
the PS II complex, to the acceptor-side. They suggested that these were not direct effect of a 
lowered content of the PsbP and PsbQ proteins due to the absence of the PsbR protein. My 
argument against this hypothesis is that, first, the QB site, which is located on the D1 protein and 
exposed at the stromal surface of the PS II, has been shown to be modified by the removal of the 
PsbP and PsbQ proteins using a 1N NaCl treatment. Atrazine-binding at the QB site was also 
markedly increased in the absence of the PsbP and PsbQ proteins (Rashid and Carpentier 1990). 
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Second, image analysis of PS II supercomplexes from higher plants from which these the PsbP 
and PsbQ components were removed indicated that CP29 moves 1.2 nm towards the central core 
of the PS II complex (Boekema et al. 2000). This indicates that removal of these components 
from the lumenal face of the complex induces transmembrane alterations in the structure of PS 
II. Third, our immunological studies (Figure 5.4) showed that the D2 protein level is reduced 




 Reoxidation Kinetics in the Presence of DCMU in Wild Type, the psbR and 
the psbRICH Plants. Data were collected after dark incubation for 5 min: (■) wild type, (●) 
psbR, (▲) psbRICH. n = 3 (error bars, ±1.0 standard deviation); in some instances, the error bars 
are smaller than the symbols 
            Overall, our results indicate that the principal modification observed in the mutant is on 
the reducing- side of the photosystem. We hypothesize that the large increase in the time 
constant for the middle exponential decay component can be explained by the decreased D2 
protein level.  
              In the presence of DCMU, which prevents the transfer of an electron from QA
-
 to QB, the 





 and the oxidizing-side components of the photosystem. Figure 5.13 represents the 
fluorescence decay kinetics of wild type, psbR, and psbRICH plants treated with DCMU. The 
observed fluorescence decay curves were fit to the same model described above (Reifarth et al. 
1997). Table 5.6 shows the kinetic parameters obtained for the fluorescence decay in the 
presence of DCMU. The fastest decaying component observed in wild type exhibited a time 
constant of 90 ms and is attributed to a small fraction of PS II reaction centers (7.8%) that lacks a 
functional manganese cluster (Weiss and Renger 1987), in which QA
-
 recombines with oxidized 
YZ. The situation is clearly different in the psbR plant with the fast relaxation phase being 
significantly increased (186 ms) and representing a large proportion (26.1%) of the entire 
fluorescence relaxation. This phenomenon is similar to the previously reported fluorescence 
relaxation times in several mutants and Tris-treated cells (Allahverdiyeva et al. 2004) which 
contain decreased Mn4Ca cluster.  An earlier report (Allahverdiyeva et al. 2007) observed the 
same trend of increased fast phase time constant and increased amplitude for fast phase. They 
hypothesized that in the psbR mutant, electron donation from the Mn4Ca cluster to Yz is slowed 
down because the Mn4Ca is disturbed in the PS II reaction centers. The slowest decay component 
observed for wild type exhibited a time constant of 1.49 s and is attributed to charge 
recombination between QA
-
 and the S2, and possibly the S3 states (Debus 1992). The origin of the 
intermediate decay component observed in wild type (410 ms) is still unclear. In the psbR 
mutant, the slowest decay component was observed to have a time constant of 1.77 s, and its 
amplitude decreased from 40% to 28.5%. This result indicates that the S2 state and possibly the 
S3 state are more stable in the psbR mutant than in wild type. Little change was observed for the 
time constant of the intermediate decay component. The residual decay component (τ > 10 s) 
decreased nearly 2-fold in amplitude. These three decay components accounted for more than 
95% of the total fluorescence signal.  
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             In the transgenic psbRICH plant in which the C-terminally His6-tagged PsbR is 
substituted for the native PsbR protein, we observed that fluorescence decay parameters in the 
presence of DCMU were not completely restored to those of wild type. While all the values of 
fluorescence decay in the absence of DCMU are essentially restored (Table 5.5), the psbRICH 
    Table 5.6 QA
-







































psbRICH 151±15/19.3±1.7 455±41/46.9±2.5 1.59±0.04/31.6±1.6 1.8±0.27 
       a 
n =3-5. 
b
 Error, ±1.0 standard deviation. 
c 
p < 0.01 (Student’s t-test) 
plant showed an intermediate phenotype in the presence of DCMU. The fast decay time constant 
in the psbRICH is not markedly decreased comparing to the psbR mutant from 186ms to 151 ms. 
The amplitude is decreased from 26.1% to 19.3% of whole fluorescence relaxation. However, 
the amplitude is still much higher than that of wild type (7.8%). Both the time constant and 
amplitude of the slow phase, which represents the charge recombination between QA
-
 and the S2, 
are shifting in the direction of wild type. In the psbRICH plant “Western” blotting analysis 
showed that the major OEC component subunits, i.e. the PsbO, PsbP, and PsbQ proteins are 
essentially restored to the wild type levels (Figure 5.3). In terms of protein environment around 
OEC, there is no difference between wild type and the psbRICH plants except for the C-terminal 
extension of the PsbR protein introduced by the transgene.  As we know, fluorescence decay 
analysis in the absence of DCMU measures the intactness of PS II reducing- side. Our results 
show that in the absence of DCMU, the presence of C-terminal extension of the PsbR protein can 
function as a wild type protein to restore the defective electron transport on the reducing- side of 
the photosystem. However, in the presence of DCMU, charge recombination of QA
-
 and the 
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electron donor side in psbRICH is only partially restored. We hypothesized that extension of C-
terminus of the PsbR protein interferes with this charge recombination process.  
              Now another question arises: how does this C-terminal extension of the PsbR protein 
interfere with the charge recombination between QA
- 
with donor side while electron transport 
between QA
- 
and QB is not affected? It is assumed that the PsbR protein is a transmembrane 
protein and the C-terminus is exposed on the stromal side of the membrane. Questions 
concerning the transmembrane concept of the PsbR protein are not new. In earlier studies 
(Ljungberg et al. 1986), 1N NaCl and 0.06% of Triton X-100 can effectively remove the PsbP, 
PsbQ, and PsbR protein from oxygen-evolving membranes.  The requirement for such low 
concentrations of detergent to release this subunit made it difficult to establish whether the PsbR 
protein was membrane spanning or simply associated with the surface of the thylakoid 
membrane via hydrophobic interactions. It was also found that Tris and CaCl2 washing can 
effectively also removed the PsbR protein from oxygen-evolving membranes (Ljungberg et al. 
1986; De Las Rivas et al. 2007) in the absence of added detergent. There is no direct information 
of how the PsbR protein is oriented in PS II complex. Our results are more consistent with the 
hypothesis that the PsbR protein acts as a peripheral protein binding to PS II via hydrophobic 
interactions rather than anchoring itself with a hydrophobic transmembrane helix.  If this is the 
case, the C-terminal extension of the PsbR protein may interfere with the charge recombination 
at donor side.  
Conclusion 
              Our characterization of plants lacking the PsbR protein clearly demonstrates that the D2 
protein of PS II complex is reduced. Immunological analysis using oxygen-evolving membranes 
indicate that less than 50% of the PsbP protein is bound to the PS II when compared to wild type. 
Impaired electron transport on the acceptor-side may result from the reduced level of D2 and 
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PsbP and PsbQ components. The C-terminal extension of the PsbR protein doesn’t affect the 
antenna coupling to the PS II reaction center as evidenced by fast fluorescence induction 
analysis. The impaired acceptor-side electron transport observed in the PsbR mutant can be 
totally restored with the modified PsbR protein contained in the PsbRICH transgenic plant. The 
modified version of PsbR restores of PsbP and PsbQ protein levels to that of wild type in 
oxygen-evolving membranes. The defects associated with the oxidizing-side of the photosystem 
observed in the psbR mutant, however, are not fully restored by introduction of the His6-tagged 
PsbR component.   
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              The Arabidopsis thaliana mutant psbo1 (formerly the mutant LE18-30), which contains 
a point mutation in the psbO-1 gene leading to defective expression of the PsbO-1 protein, has 
recently been described. This mutant completely lacks the PsbO-1 protein and over expresses the 
PsbO-2 protein. To further study the effect of PsbO-1 deficiency on the function of photosystem 
II, the polyphasic chlorophyll a fluorescence rise, and flash fluorescence induction and decay of 
the relative fluorescence quantum yield were measured in whole leaves from wild type and the 
psbo1 mutant. Additionally, flash oxygen yield experiments were performed on thylakoid 
membranes isolated from wild type and the psbo1 mutant. The results obtained indicate that 
during fluorescence induction the psbo1 gene exhibited an enhanced O to P transition. 
Additionally, while the J to I transition in wild type accounted for more than 30% of the total 
fluorescence yield, in the mutant it accounted for less than 2% rise in the total. Analysis of the 
flash-induced fluorescence rise in the presence of DCMU indicated that in wild type the ratio of 
PS IIα to PS IIβ reaction centers was ~1.2 while in the mutant the ratio was ~0.3. Fluorescence 
decay kinetics in the absence of DCMU indicated that electron transfer to QB was significantly 
altered in the mutant. Fluorescence decay kinetics in the presence of DCMU indicated that the 
charge recombination between QA
-
 and the S2 state of the oxygen-evolving complex was 
retarded. Furthermore, flash oxygen yield analysis indicated that both the S2 and S3 states 
exhibited significantly longer lifetimes in the psbo1 mutant than in wild type. Our data indicate 
that while PsbO-1 deficient plants can grow photoautotrophically (although at a reduced growth 
rate) the photochemistry of PS II is significantly altered. 
              Two plant lines were produced, using the psbo1 mutant as transgenic host, which 
contained an N-terminally histidine6-tagged PsbO-1 protein. This protein was expressed and 
correctly targeted into the thylakoid lumen. Immunological analysis indicated that different 
levels of expression of the modified PsbO-1 protein were obtained in different transgenic plant 
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lines and that the level of expression in each line was stable over several generations. 
Examination of the Photosystem II closure kinetics demonstrated that the defective double 
reduction of QB and the delayed exchange of QBH2 with the plastoquinone pool
 
which were 
observed during the characterization of the psbo1 mutant were effectively restored to wild type 
levels by the His6-tagged PsbO-1 protein. Flash fluorescence induction and decay were also 
examined. Our results indicated that high expression of the modified PsbO-1 was required to 
increase the ratio of PS IIα to PS IIβ reaction centers to wild type levels. Fluorescence decay 
kinetics in the absence of DCMU indicated that the expression of the His6-tagged PsbO-1 protein 
restored efficient electron transfer to QB, while in the presence of DCMU, charge recombination 
between QA
-
 and the S2 state of the oxygen-evolving complex occurred at near wild type rates. 
Our results indicate that high expression of the His6-tagged PsbO-1 protein efficiently 
complemented all of the photochemical defects observed in the psbo1 mutant.  Additionally, this 
study establishes a platform on which the in vivo consequences of site-directed mutagenesis of 
the PsbO-1 can be examined. 
              His6-tagged PsbO-1 protein is also successfully expressed in wild type background 
(WTHMSP1). Thylakoid membranes isolated from WTHMSP1 is solubilized with β-D-DM and 
OTG and loaded on a Ni-NTA metal affinity column. After the washing steps required for the 
removal of non-specific binding component, a fraction remained bound which was eluted with a 
50 mM histidine- containing buffer. This buffer completely removed the bound chlorophyll from 
the column. Coomassie Blue staining indicated the presence of major PS II core subunits in these 
fractions. Comparing to the PS II core complex from spinach, our PS II core complex contains 
extrinsic PsbO protein as well as other two extrinsic components, the PsbP and PsbQ protein. 
The stoichiometry binding of these two components are unknown at present time. After 
concentration, we calculated the putative PSII core complex yield was about 2.5% with 
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chlorophyll a/b ratio of 4.5. From visible absorption spectrum analysis, it appears that the major 
chlorophyll b absorption peaks are greatly reduced at specific 453nm and 642nm. Since LHC is 
the major carrier of Chl b, removal of unbound LHC from the column results in a high PS II a/b 
ratio. This result is consistent with the observation that major LHC band (s) is greatly reduced in 
Coomassie blue staining results. Visible spectrum analysis indicates that PS II specific 
absorption peak was shifted towards the blue by 2-3 nm. Our successful isolation of a putative 
PS II core complex from Arabidopsis is the first report of PS II core complex preparation using 
affinity chromatography technique in higher plant. Additional studies of this PS II core complex 
using biochemical and biophysical tools are in progress.   
              Some controversy still exists in terms of the function of the PsbR protein. A PsbR- 
deficient mutant plant was successfully screened in this research. Our further characterization of 
plant lacking the PsbR protein clearly demonstrated that one of the PS II core subunits, the D2 
protein of PS II complex, is reduced. Immunological analysis using oxygen-evolving membranes 
indicated that less than 50% of the PsbP protein is bound to the PS II when compared to wild 
type. The following functional analysis indicated impaired electron transport on the acceptor-side 
may result from the reduced level of D2 and PsbP and PsbQ components. Transgenic studies 
showed C-terminal extension of the PsbR protein doesn’t affect the antenna coupling to the PS II 
reaction center as evidenced by fast fluorescence induction analysis. The impaired acceptor-side 
electron transport observed in the PsbR mutant can be totally restored with the modified PsbR 
protein contained in the PsbRICH transgenic plant. The modified version of PsbR restored the 
PsbP and PsbQ protein levels to that of wild type in oxygen-evolving membranes. The defects 
associated with the oxidizing-side of the photosystem observed in the psbR mutant, however, are 
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